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Cyanobacteria are bloom-forming aquatic microorganisms that impact many drinking water sources 
and can produce a variety of toxins, eponymously termed cyanotoxins. Three cyanotoxins are of 
particular concern in a North American context, as indicated by their inclusion on the USEPA’s third 
iteration of the Candidate Contaminant List (CCL3): microcystin, cylindrospermopsin and anatoxin-a. 
Of these, anatoxin-a (a potent neurotoxin) cannot be effectively oxidized by chlorine, indicating that 
conventional drinking water treatment plants may not have an effective barrier to this toxin. 
Investigation into treatment alternatives is needed; activated carbon removal of anatoxin-a has not 
previously been thoroughly studied, though granular and powdered activated carbon (GAC and PAC) 
are frequently used to remove other cyanobacterial metabolites. The primary objective of this 
research was to elucidate anatoxin-a adsorption behaviour during treatment with activated carbon.  
Two analytical methods for the quantification of anatoxin-a were evaluated: an enzyme-linked 
immunosorbent assay (ELISA) which had only recently become available, and a liquid-
chromatography tandem mass spectrometry (LC-MS/MS) method. The ELISA method was deemed 
unsuitable for the planned treatment study, as it could not quantify (-)-anatoxin-a (one of the two 
stereoisomers present in the racemic (±)-anatoxin-a standard), had a relatively high variability in 
toxin detection, and was time-intensive. Comparatively, the LC-MS/MS method established was 
rapid, reproducible and capable of quantifying environmentally-relevant toxin concentrations (method 
detection limit of 0.65 µg/L) without sample pre-treatment.  
Anatoxin-a adsorption in ultrapure water was investigated using six virgin carbons: coal-based F400 
and F300 GACs (Calgon Carbon), coconut-based Aqua Carb GAC (Siemens), wood-based C Gran 
and WV B-30 (Norit and WMV, respectively) GACs, and finally coal-based Watercarb 800 PAC 
(Standard Purification). The coal-based GACs (F400 and F300) required the greatest amount of time 
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to reach equilibrium (up to 90 days for F300, the larger of the two carbons), but had the highest 
capacity of the virgin GACs. Conversely, the more mesoporous wood-based carbons were the fastest 
of the GACs to attain equilibrium (within 14 days), but had lower ultimate capacity at the 
concentrations examined (approximately 50% less than the coal-based GACs at 1 µg/L aqueous 
anatoxin-a concentration). Unsurprisingly given its microporous structure, the coconut-based Aqua 
Carb was relatively slow to reach equilibrium (45 days); its capacity was similar to those of the wood-
based GACs at 1 µg/L aqueous anatoxin-a.  The one coal-based PAC included in this study had both 
faster kinetics and higher capacity than the GACs, although depending on its application, the capacity 
of PAC may not always be fully utilized. Furthermore, intact cyanobacterial cells may be able to 
bypass PAC treatment only to be lysed and release intracellular toxin later in the treatment train.  
The five GACs were preloaded with natural organic material (NOM) at pilot scale for approximately 
40,000 bed volumes, using post-sedimentation water from a full-scale southern Ontario surface water 
treatment plant. Based on bench-scale studies using the preloaded carbons in ultrapure water, the 
coal-based GACs retained the greatest capacity at aqueous anatoxin-a concentrations below 20 µg/L. 
A second sample of preloaded F300 carbon was obtained from a full-scale treatment plant where it 
had been in use for approximately 100,000 bed volumes, and isotherm studies indicated its capacity 
was approximately 40% lower than that of the pilot-preloaded F300, and 60% lower than that of the 
virgin F300. Interestingly, the preloaded GACs had slightly faster toxin uptake than their virgin 
counterparts; F400 and F300 in particular saw an increase in removal rate, an effect partially 
attributable to changes in carbon surface charge. It is postulated that the NOM-preloading resulted in 
lower repulsive interactions between the positively-charged coal-based GACs and the cationic 
anatoxin-a. 
Adsorption of anatoxin-a by the virgin carbons was also investigated in Grand River water (GRW), 
although difficulties with toxin degradation were encountered. In GRW (pH 8.0), anatoxin-a degraded 
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by approximately 60% over 21 days, while positive controls in ultrapure water (pH 6.3) remained 
relatively stable. The observed change in stability may be partially attributed to pH sensitivity, as 
anatoxin-a becomes deprotonated at higher pHs and the deprotonated, neutral form is less stable than 
the cationic, protonated form. Based on equilibrium isotherms the five GACs had very similar 
capacity to one another in GRW, while the kinetic data show that the coal-based carbons again had 
the slowest toxin removal. Capacity reductions compared to the virgin carbons ranged from 15% 
(WV B-30, wood-based) to 69% (F400, coal-based), at a 1 µg/L aqueous anatoxin-a concentration. 
Overall, the findings indicated that adsorption of anatoxin-a using PAC and GAC is a promising 
treatment option, although further investigation is needed to confirm findings in other surface waters, 
and at a larger scale (i.e. pilot-scale). This research has implications for drinking water providers 
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1.1 Problem Statement 
Cyanobacterial blooms can produce numerous toxins, and these cyanotoxins are of increasing concern to 
drinking water providers as eutrophication of source waters continues to stimulate bloom formation. 
Worldwide occurrence of cyanobacteria can vary considerably – in warmer climates, blooms can be 
present year-round, whereas in more temperate climates they are considered a seasonal concern. 
Anthropogenic nutrient loading has resulted in an increase in the frequency and severity of cyanobacterial 
blooms, and global climate change has the potential to further promote cyanobacterial dominance over 
competing organisms in aquatic ecosystems (Paerl & Paul, 2012, Merel et al., 2013).  
In southern Ontario, cyanobacterial blooms occur in many surface waters, including those used for 
drinking water; in 2011, the largest cyanobacterial bloom on record formed in Lake Erie (Figure 1.1), 
covering an estimated area greater than 5,000 km
2
 at its peak – nearly one fifth of the surface of the lake 
(Michalak et al., 2013). Cyanobacterial blooms on Lake Erie have impacted drinking water providers on 
both sides of the US-Canadian border, and between August 1 and 4, 2014, the presence of the cyanotoxin 
microcystin-LR resulted in a highly-publicized do-not-drink advisory for the City of Toledo, Ohio, which 





Figure 1.1: Centers for Coastal Ocean Science, NASA Modis sensor satellite image of Lake Erie 
from Oct. 9, 2011. NOAA Harmful Algal Blooms, <http://oceanservice.noaa.gov/hazards/hab>  
 
Anatoxin-a is a low molecular weight alkaloid neurotoxin, previously referred to as VFDF (very fast 
death factor) and is one of three cyanotoxins on the USEPA’s third iteration of the Candidate 
Contaminant List (CCL3), along with cylindrospermopsin and the more commonly-regulated 
microcystin, shown in Figure 1.2 (USEPA, 2012). It has also been recommended for inclusion on the 
fourth CCL iteration (Adams et al., 2014). Neurotoxic analogues of anatoxin-a include homoanatoxin-a, 
although anatoxin-a is the most prevalent and most potent of the analogues in North America (Rellan et 
al., 2007). Several anatoxin-a-producing cyanobacterial species have been identified, including Anabaena 
flos aquae, Anabaena planktonica, Aphanizomenon flos aquae, Cylindrospermum, benthic Oscillatoria, 
Planktothrix rubescens, Arthrospira fusiformis (Rellán et al., 2007) and more recently, Tychonema 





Figure 1.2: Cyanobacterial toxins on the USEPA's contaminant candidate list: a) anatoxin-a; b) 
microcystin-LR; c) cylindrospermopsin. Figure produced with Marvin-Sketch software © 2013 by 
ChemAxon Ltd. 
 
While there are currently no US or Canadian regulations for anatoxin-a in drinking water, a 3.7 µg/L 
provisional guideline has been proposed in the province of Quebec (Institut National de Santé Publique 
du Québec, 2005) and concentrations of up to 5.6 µg/L anatoxin-a have been detected in Canada, in 
addition to numerous reports of animal poisoning and death (Manitoba Water Stewardship, 2011). 
Anatoxin-a has also been reported in western Lake Erie, Lake Ontario, Lake Champlain (in New York 
state) and throughout the lower Great Lakes watershed (Yang, 2005). 
Although oxidation with ozone (Onstad et al., 2007), permanganate (Rodriguez et al., 2007a) and 
advanced oxidation processes (AOPs, Afzal et al., 2010) have been shown to be capable of inactivating 
anatoxin-a. Chlorine, the most commonly applied oxidant in water treatment, is not effective (Rodríguez 
et al., 2007a). Several reviews of cyanotoxin treatment options have remarked on the lack of available 
information on the adsorption of anatoxin-a (Westrick et al., 2010, Global Water Research Coalition, 
2012, Vlad et al., 2014) and it has been suggested that in the absence of other data, microcystin-LR could 
be used as an indicator for anatoxin-a adsorption behaviour; however, the two molecules are markedly 
different in size and structure, as shown in Figure 1.2 and strategies for optimizing removals of the two 




1.2 Research Objectives 
The primary goal of this research was to evaluate the viability of activated carbon adsorption as a 
treatment process for the removal of anatoxin-a from drinking water at environmentally relevant 
concentrations. The following objectives were identified to achieve this goal: 
 Evaluate existing analytical methods for the quantification of aqueous anatoxin-a concentrations 
at environmentally relevant concentrations, including enzyme-linked immunosorbent assays 
(ELISAs) and liquid chromatography tandem mass spectrometry (LC-MS/MS), and implement 
the most suitable method. 
 Select a representative range of carbons based on commercially available products and investigate 
the impact of physico-chemical properties of the activated carbons on anatoxin-a removal in 
ultrapure and a southern Ontario surface water. 
 Establish equilibrium isotherm parameters for adsorption of anatoxin-a on virgin activated 
carbons in ultrapure and a southern Ontario surface water and compare the adsorption capacities 
with those of other cyanobacterial metabolites, including other North American cyanotoxins, and 
the common cyanobacterial taste and odour compounds geosmin and MIB. 
 Study the kinetics of anatoxin-a adsorption by virgin carbons in ultrapure and natural water.  
 Evaluate the effect of carbon preloading with background natural organic matter (NOM) on the 
equilibrium capacity and adsorption rates for anatoxin-a.  
1.3 Research Approach and Thesis Structure 
This thesis contains seven chapters, with Chapters 2, 3, 4, 5 and 6 formatted as journal articles (i.e. a 
paper-based thesis) (Figure 1.3). Chapter 2 provides an overview of current knowledge and research on 
the removal of aqueous anatoxin-a in drinking water treatment, and has been published in the Journal of 
Water and Health (Vlad et al., 2014). Chapter 3 presents the results of an assessment of the ELISA and 




implementation of an LC-MS/MS method, six activated carbons from three source materials were 
selected for inclusion in subsequent treatment studies – five granular activated carbons (GACs) and one 
powdered activated carbon (PAC). Chapter 4 describes the results of characterization tests for each of the 
six carbons, as well as the investigation of anatoxin-a adsorption under idealized conditions using virgin 
carbon in ultrapure water. The five GACs under investigation were then preloaded with NOM in parallel 
using pilot-scale flow-through contactors at a southern Ontario surface water treatment plant and samples 
of a preloaded GAC were extracted from another operating drinking water treatment plant in Ontario. 
Chapter 5 details subsequent studies to elucidate the impact of carbon preloading on anatoxin-a 
adsorption, again in ultrapure water. Chapter 6 considers the adsorptive behaviour of anatoxin-a in a 
surface water using the six virgin activated carbons. Finally, Chapter 7 summarizes the outcomes and 
findings of this research, as well as proposing several recommendations for future studies into the 
treatment of anatoxin-a in drinking water. The references from all chapters are compiled in a 










Chapter 2                                                                                              
Removal of the Cyanotoxin Anatoxin-a by Drinking Water Treatment 
Processes: A Review 
This chapter was published under the same title in the Journal of Water and Health (December, 2014) 
volume 12, issue 4, pages 601-617. Cited references are included in the cumulative reference list at the 
end of this thesis.  
2.1 Summary 
Anatoxin-a is a potent alkaloid neurotoxin, produced by several species of cyanobacteria and detected 
throughout the world. The presence of cyanotoxins, including anatoxin-a, in drinking water sources is a 
potential risk to public health. This article presents a thorough examination of the cumulative body of 
research on the use of drinking water treatment technologies for extracellular anatoxin-a removal, 
focusing on providing an analysis of the specific operating parameters required for effective treatment and 
on compiling a series of best-practice recommendations for owners and operators of systems impacted by 
this cyanotoxin. Of the oxidants used in drinking water treatment, chlorine-based processes (chlorine, 
chloramines, and chlorine dioxide) have been shown to be ineffective for anatoxin-a treatment, while 
ozone, advanced oxidation processes and permanganate can be successful. High-pressure membrane 
filtration (nanofiltration and reverse osmosis) is likely effective, while adsorption and biofiltration may be 
effective but further investigation into the implementation of these processes is necessary. Given the lack 
of full-scale verification, a multiple-barrier approach is recommended, employing a combination of 
chemical and non-chemical processes.  
2.2 Introduction 
Historically referred to as Very Fast Death Factor (VFDF) (Carmichael & Gorham, 1978), the neurotoxic 
alkaloid anatoxin-a (ANTX-a) was first identified in the prairie region of Canada, and has subsequently 




Europe, Africa, Asia and New Zealand (Carmichael & Gorham, 1978; Park et al., 1998; Ballot et al., 
2003; Carrasco et al., 2007; Kotak & Zurawell, 2007; Wood et al., 2007; Faassen et al., 2012; Ruiz et al., 
2013). It can be produced by several genera of cyanobacteria, including Anabaena, Oscillatoria, 
Cylindrospermum, Aphanizomenon, and in some instances Microcystis, Raphidiopsis, Arthrospira, 
Nostoc and Phormidium (Osswald et al., 2007; van Apeldoorn et al., 2007), and can co-occur with other 
cyanotoxins and/or taste and odour compounds produced by cyanobacteria (Ruiz et al., 2013). During the 
growth phase of cyanobacterial blooms cyanotoxins exist predominantly intracellularly. However, 
weakening or rupture of the cell membrane due to bacterial aging, physical stresses placed on the cells, or 
exposure to chemicals such as the oxidants used in drinking water treatment can all cause toxins to be 
released (Hart et al., 1998; WHO, 1999; Ho et al., 2012).  
The presence of cyanotoxins in drinking water sources has been a cause of concern as they have the 
potential to compromise public health, and many treatment processes have been investigated for their 
ability to remove the various classes of toxins which can be produced (Westrick et al., 2010; Merel et al., 
2013b; Pantelic et al., 2013).The majority of studies on cyanotoxins and their fate during drinking water 
treatment have focused on microcystins and particularly the microcystin-LR variant (Merel et al., 2013b). 
The lack of information on treatment options for ANTX-a, and other cyanotoxins including 
cylindrospermopsin, nodularin and beta-methylamino-L-alanine (BMAA), has been noted frequently 
(WHO, 1999; Hitzfeld et al., 2000; Westrick et al., 2010; Global Water Research Coalition, 2012; Merel 
et al., 2013a). Of the studies undertaken into the treatment of ANTX-a, some have provided contradictory 
results and no comprehensive review has been presented to date to reconcile these results. All published 
studies have been at the bench- or pilot-scale, with no full-scale data available. This review aims to 
discern the necessary practices and operating parameters for optimal extracellular toxin removal, and 
highlight areas where further study is required to allow a treatment strategy to be implemented with 




treatment, and operational considerations for removing intact cyanobacterial cells; however, removal of 
intracellular ANTX-a is not within the scope of this review.  
2.3 Analogues, Chemical Properties and Stability 
ANTX-a is a relatively low molecular weight molecule (MW = 165) with a pKa of 9.36; at pH levels 
relevant to drinking water (pH 6-9) it exists predominantly in the more stable protonated, cationic form, 
shown in Figure 2.1a (van Apeldoorn et al., 2007). However, some portion of the toxin does exist in the 
neutral form (Figure 2.1b), as illustrated in Figure 2.2, which shows that at pH 6, ANTX-a is completely 
protonated (less than 1% deprotonated), while at pH 8.5, approximately 12% is deprotonated and at pH 9, 
24% is deprotonated.  
 
Figure 2.1: Molecular structures: a) protonated (+)-anatoxin-a stereoisomer (asymmetric centers at 
carbons 1 and 6, the secondary aminogroup for the (-)-anatoxin-a stereoisomer is located below the 





Figure 2.2: Anatoxin-a species distribution based on pH. Figure produced with MarvinSketch 
software ©2013 by ChemAxon Ltd. 
 
Kaminski et al. (2013) indicated that increasing the pH of a solution accelerated the decomposition of 
ANTX-a under a variety of conditions including increased temperature (100
o
C) and UV-B exposure. 
They noted that at acidic pH (3.5), 1 hour exposure to 100
o





radiation both caused minimal degradation of ANTX-a (<10%), while the same treatments at pH 9.5 
resulted in a toxin reduction of nearly 80%. It should be noted, however, that the initial toxin 
concentration used in this study (25 mg/L) is several orders of magnitude greater than would typically be 
detected in natural waters, as will be discussed subsequently. These results imply that pH can be a critical 
factor in the treatment of ANTX-a, however, most studies do not differentiate between the treatment 
efficiency for the protonated and deprotonated forms of the toxin. 
Conflicting results exist regarding the decomposition of ANTX-a in direct sunlight; Stevens and Krieger 
(1990) found that sunlight accelerates decay kinetics (1-2 hour half-lives observed), while Kaminski et al. 








). However, in dark conditions (as in most drinking water treatment 
plants and distribution systems) the toxin can persist for weeks or months (Stevens & Krieger, 1990; van 
Apeldoorn et al., 2007; Yang, 2007). 
It should be noted that of the two stereoisomers of the ANTX-a molecule, only (+)-ANTX-a is produced 
naturally as a cyanobacterial metabolite (Valentine et al., 1990); this isomer is the more potent of the two 
forms of the toxin, with over 10 times greater toxicity than (-)-ANTX-a (Adeyemo & Siren, 1992; 
Valentine et al., 1990). The (+)-ANTX-a stereoisomer is shown in Figure 2.1, with the asymmetric 
centers at carbons 1 and 6. In the (-)-ANTX-a stereoisomer the secondary amino group is located beneath 
the plane of the carbon ring. It should be noted that most commercially available ANTX-a standards 
contain both stereoisomers in a racemic (50%-50%) mixture.  
One commonly identified analogue of ANTX-a is known as homoanatoxin (MW = 179), and differs from 
ANTX-a by one additional methyl unit on the side chain (Figure 2.1c). Although homoanatoxin is also 
highly neurotoxic (Wonnacott & Swanson, 1992; Watanabe et al., 2003; Faassen et al., 2012), it is less 
frequently detected, and its treatment has not been investigated; this review therefore focuses on treatment 
of the more common analogue ANTX-a.  
Anatoxin-a(s), while similar in name, is not structurally related to ANTX-a and homo-anatoxin-a. This 
compound should not be confused with ANTX-a and its treatment is not considered in this review.  
2.4 Toxicity, Occurrence and Regulations 
ANTX-a is a nicotinic agonist whose toxicity has been well documented, resulting in a number of animal 
deaths globally (Edwards et al., 1992; Hitzfeld et al., 2000; Cadel-Six et al., 2007; Puschner et al., 2008; 
Environment Canada - Manitoba Water Stewardship, 2011; Faassen et al., 2012). It is an acutely toxic 
compound with a LD50 of 380 µg/kg (i.p. mouse) (Valentine et al., 1990), known to cause muscular 
paralysis and death due to respiratory arrest; however, the effects of chronic, low-level exposure are 




When detected, ANTX-a generally occurs at low concentrations environmentally (below 5 µg/L) (Robert 
et al., 2005; Fristachi et al., 2008); however, concentrations of up to 156 µg/L have been reported and in 
one case, a concentration of approximately 10 µg/L was detected in a post-treatment drinking water in 
Florida (Burns, 2005). Based on current knowledge of the toxicity, potential health effects, and frequency 
of detection of ANTX-a, some regulatory bodies have set maximum concentrations for ANTX-a in 
drinking water (Table 2.1) and in recreational waters (Chorus, 2012). Furthermore, a 1 µg/L drinking 
water guideline value has been recommended in the scientific literature, calculated to provide a safety 
margin of three orders of magnitude to protect against adverse effects of sub-lethal doses (Fawell et al., 
1999). Although no regulations exist in the US, ANTX-a is one of three cyanotoxins on the USEPA 
Candidate Contaminant List 3 (USEPA, 2012), indicating a need for further study into its occurrence, 
effects and treatment, and the potential for forthcoming regulations. 
 
Table 2.1: Regulations and guidelines for anatoxin-a concentration in drinking water 
Location  Regulation/Guideline Status Source 
Quebec (Canada) 3.7 µg/L Provisional Institut national de santé publique du 
Québec, 2005 
Oregon (USA) 3 µg/L Adopted guideline Oregon Health Authority, 2013 
New Zealand 6 µg/L Provisional New Zealand Ministry of Health, 2008 
2.5 Water treatment processes for extracellular anatoxin-a removal or degradation 
2.5.1 Oxidation  
The ability to oxidize ANTX-a is highly dependent on the type and dose of oxidant used, the pH and 
background water characteristics, and the contact time provided for the reaction to occur. Rodríguez et al. 
(2007a) demonstrated that second order rate constants can accurately represent the relative reactivity of 




implementation requirements. A compendium of rate constants reported in the literature for ANTX-a 
oxidation in ultrapure water is presented in Table 2.2. The apparent reaction rates observed in natural 
water applications will differ from the values given in Table 2.2 due to water quality effects. Rate 
constants collected in Table 2.2 have been given for the overall oxidation of ANTX-a at a stated pH. 
Table 2.2: Second order rate constants reported for the oxidation of anatoxin-a in ultrapure water 
Oxidant 
Rate Constant –  
Second Order (M-1s-1) 
Conditions Source 
Cl2 0.71 pH 7 Rodríguez et al., 2007b 
NH2Cl < 1 pH 8 Rodríguez et al., 2007a 
ClO2 Low pH 8 Rodríguez et al., 2007a 
O3 5.6 x 10
4  pH 7 Bernazeau et al., 1995; 
Bruchet et al., 1998 
O3 6.4 x 10
4 pH 8 Onstad et al., 2007 
O3 9.7 x 10
5 pH 9 Onstad et al., 2007 
AOP – OH. 3.0 x 109  pH 7 Onstad et al., 2007 
AOP – OH. 5.2 × 109  pH 4.5 – 9.5 Afzal et al., 2010 
MnO4
- 2.3 x 104   pH 8 Rodríguez et al., 2007a 
Based on the data in Table 2.2, AOPs are the most effective oxidation process for ANTX-a degradation 







). Ozone has the second highest rate constant for ANTX-a oxidation, and appears 
particularly effective at higher pH, with the rate constant increasing by an order of magnitude between pH 
8 and pH 9. Permanganate has a similar (but slightly lower) rate constant to ozone, while the chlorine 





). These rate constants are consistent with redox potential of the various oxidative species 
considered, which is a fundamental indicator of the oxidising power of each chemical, and ranks the 
oxidants as follows: OH· radical > ozone > permanganate > chlorine dioxide > chlorine (Zhou & Smith, 
2002). The relative reactivity with ANTX-a established by these constants is largely supported by the 
toxin degradation studies carried out to date.  
Compared to other cyanotoxins, ANTX-a is relatively recalcitrant to oxidation. The second order rate 




cylindrospermopsin than for ANTX-a (Acero et al., 2005; Onstad et al., 2007; Rodríguez et al., 2007a,b), 
















) (Rodríguez et al., 2007a).  
Numerous studies have reported some degree of ANTX-a oxidation, and their results, as well as the 
relevant factors listed above, are summarized in Table 2.3. However, little consideration has been given to 
the possible creation of toxic by-products from these oxidation reactions, and degradation of the parent 
toxin may not always be synonymous with reduction of overall toxicity. Complete mineralization of 
micropollutants is usually not achievable under conditions employed in water treatment practice, and 
therefore further investigation is required into the intermediate products of this toxin with the various 
oxidants. Monitoring of the toxicological endpoint in addition to the reduction of the parent compound 
may allow conclusions to be drawn regarding the toxicity reduction, without the need to examine 
individual intermediates. This approach has been employed for oxidative treatment of hormones using a 
screening assay to determine changes in estrogenic activity (Huber et al, 2004), and may be appropriate 
for cyanobacterial toxicity studies. However, the possibility that the by-products of ANTX-a oxidation 





















Cl2 16% 6-7 N 15 
(4.5 residual) 
30 20 5 Newcombe & Nicholson, 
2004 
Cl2 15% 8 N (DOC 3.6 mg/L) 3  - 166 - Rodríguez et al., 2007a 
Cl2 8% 7 N (DOC 6.7 mg/L) 3  24 h 165 - Rodríguez et al., 2007b 
Cl2 0% - N 0.5  - 22











0.2 Al Momani, 2007 
O3 >90% - T 2.0 - 2.4 – 4.3 - Hall et al., 2000 
O3 92% 7 T 0.11 residual  
(after 60 s) 
24 - Rositano et al., 1998 
O3 96% - N 1 - 22





N (DOC 1.6 mg/L) 







- Onstad et al., 2007 









N (DOC 5.3 mg/L) 
N (DOC 4.6 mg/L) 
N (DOC 5.7 mg/L) 













0.01 Rositano et al., 2001 
AOP – H2O2/Fe(II) 100% 7 U 0.1 Fe(II),  
0.02 H2O2 
1.5 1000 0.2 Al Momani, 2007 




100% 7 U 0.01 H2O2, 1.0 O3  3 1000 
AOP – O3/Fe(II) 85% 7 U 1.0 O3, 0.5 Fe(II) 3 1000 0.2 Al Momani, 2007 
AOP – LP UV/H2O2 70% 7 D 250 mJ/cm
2 UV  
30 mg/L H2O2 
- 600 33 Afzal et al., 2010 







S (TOC 6.63 mg/L) 







33 Afzal et al., 2010 
AOP – TiO2/UV 100% - U 1% m/v slurry TiO2 
(UV  unspecified) 
30 5000 - Robertson et al., 1999 
MnO4
- >90% - T 2.0 - 2.4 – 4.3 - Hall et al., 2000 
MnO4
- 100% 8 N (DOC 3.6 mg/L) 0.5 - 166 - Rodríguez et al., 2007a 
a water matrix classification: U – ultrapure,  T – treated drinking water, N – natural, D – deionised, S – synthetic/modelled 
b influent concentration approximated based on cyanobacterial biomass 





It has been established repeatedly that chlorine is ineffective for the treatment of ANTX-a (Keijola et al., 
1988; Hart et al., 1998; Hall et al., 2000; Newcombe & Nicholson, 2004; Rodríguez et al., 2007a). A 
range of concentrations, contact times and pH levels relevant to drinking water treatment have been 
examined in various natural water sources (as detailed in Table 2.3) resulting in a consensus within the 
scientific literature that the oxidation of ANTX-a by chlorine is too slow a process to be considered an 
effective treatment barrier. This is a significant finding as most other cyanotoxins are well oxidised by 
this standard disinfectant.  
Conventional treatment plants employing chlorine as primary disinfectant may therefore be facing a 
greater risk from ANTX-a. Although in general the water industry is moving away from using chlorine 
for this purpose, many jurisdictions in the world require the maintenance of a disinfectant residual 
(typically chlorine or chloramines) in the distribution system. While plants doing this could rely on this 
application of chlorine at the end of the treatment process to remove other cyanotoxins, this step would 
not contribute to the removal of ANTX-a.  
2.5.1.2 Chloramines and Chlorine Dioxide 
Similarly to chlorine, chloramines cannot effectively oxidize the ANTX-a molecule, and the reaction rate 




 (Rodríguez et al., 
2007a). Minimal oxidation of ANTX-a is observed in the presence of chlorine dioxide; indeed, the 
reactivity is so low that the second-order rate constant is not measureable (Rodríguez et al., 2007a). As a 
result of these findings, neither of these disinfectants is considered a feasible barrier to ANTX-a in 
drinking water treatment, nor to the other common microcystins and cylindrospermopsin (Merel et al., 
2010; Westrick et al., 2010). 
2.5.1.3 Ozone 
Ozone is believed to selectively attack both the double bond and the deprotonated amine moiety of the 




rates with the deprotonated form reacting somewhat faster with molecular ozone than the protonated form 
(Onstad et al., 2007) (Figure 2.3). It can be challenging to distinguish changes in degradation efficiency 
due to differences in reaction rates between the species from the increased degradation of the 
deprotonated form at high pH values. In addition, as discussed below, ozone degradation produces OH 
radicals, which occurs more readily at higher pH values. This will also impact the observed reduction in 
ANTX-a concentrations during ozonation as it reacts more readily with OH radicals than molecular 
ozone. 
 
Figure 2.3: pH dependence of the rate constants for the reaction of cyanotoxins with ozone. Half-life 
times are given for an ozone concentration of 1 mg/L. MC-LR, microcystin; CYN, 
cylindrospermopsin; ANTX, anatoxin-a. Reprinted with permission from Onstad et al. (2007). 
Copyright 2007 American Chemical Society. 
Several studies have investigated the use of ozone for treatment of ANTX-a; while most have reported 
good- to excellent toxin degradation, the degree of oxidation has been variable in some cases. These 
findings imply that optimal operating conditions have to be determined carefully in order to achieve a 




In ultrapure water, a 0.11 mg/L ozone residual after 60 seconds contact time has been shown to reduce 
ANTX-a concentrations of 24 µg/L by 92%, although the initial dose required to achieve that residual was 
not noted (Bernazeau et al., 1995; Rositano et al., 1998). In another study, 63% toxin reduction was 
achieved from a starting concentration of 1000 µg/L ANTX-a, with ozone doses up to 2 mg/L, ozone 
residuals were not given, also in ultrapure water (Al Momani, 2007). The extremely high initial ANTX-a 
concentration used in this study should be noted, as the lower percentage of ANTX-a degraded can be 
explained by examining the reactants on the basis of molar ratios. An additional issue regarding this study 
is the lack of ozone residual data which is needed to estimate inactivations (e.g. CT calculations).   
Further supporting the case for ozone use, high reductions have been attained in natural waters. Using 1 
mg/L ozone, Keijola et al. (1988) achieved complete toxin elimination from an approximate starting 
concentration of 22 µg/L in natural water, although the water quality was undisclosed.  In a lake water 
with 1.6 mg/L of DOC, an ozone dose of 0.8 mg/L was capable of oxidizing over 95% of ANTX-a 
(Onstad et al., 2007), and results reported by Hart  et al. (1998) and Hall et al. (2000) showed greater than 
90% toxin reduction with a 2 mg/L dose, from 2.4 – 4.3 µg/L initial toxin concentrations in treated natural 
water. Although the Hart et al. (1998) and Hall et al. (2000) results are very encouraging, the kinetic 
parameters such as the contact time were not reported, and there was no indication of what processes were 
used to prepare the “treated” water matrix.  
In more organic-rich raw waters, toxin degradation diminishes severely, as expected for ozone operation; 
at the same 2 mg/L O3 dose approximately 50% toxin degradation was noted by Hall et al. (2000). 
Furthermore, Onstad et al. (2007) showed that in waters with high organic content (13.1 mg/L DOC), 
ozone doses above 2 mg/L were required to oxidize 95% of ANTX-a. These results indicate a scavenging 
effect from other natural water constituents and emphasize the importance of appropriate, source-specific 
pretreatment leading up to the oxidation process. 
More conclusively, Rositano et al. (2001) endeavoured to determine the effects of different background 




waters with varying properties, including DOC (4.6 – 15.5 mg/L), alkalinity (30 – 133 mg/L as CaCO3), 




 at 254 nm). They noted that 
complete elimination of the influent toxin (20 µg/L) was attainable, and relied on the maintenance of an 
ozone residual of approximately 0.05 – 0.06 mg/L after 5 minutes (CT = 0.25 mg min/L), which in three 
of the four waters, was attainable with ozone doses below 2 mg/L.  Moreover, they found that in each of 
the waters examined, complete oxidation of ANTX-a required a higher ozone dose than was necessary for 
the destruction of an equal influent concentration of microcystin-LR.  The findings for ANTX-a 
degradation in natural water and the associated ozone dose requirements are consistent with the reported 
second order rate constants for microcystin-LR, cylindrospermopsin and ANTX-a (Onstad et al., 2007).  
The efficiency of the ozone-ANTX-a reaction has been shown to be pH dependent with better toxin 
degradation achieved at higher pH for the same dose (Al Momani, 2007; Onstad et al., 2007). At pH 8, 






for the oxidation of 






 at pH 9 (Table 2.2).  The 
observed pH dependence for ANTX-a degradation by ozonation is likely the result of three effects co-
occurring: firstly,  the degradation of molecular ozone increases at higher pH, thereby forming more 
hydroxyl radicals which are more reactive towards ANTX-a than molecular ozone as indicated by their 
second order rate constants presented in Table 2.2; further, the deprotonated toxin is less stable and 
degradation of this species may be another removal pathway; finally, at high pH, the proportion of the 
deprotonated neutral ANTX-a species increases, which is more reactive than the protonated form with a 






(Onstad et al., 2007). The last of these effects is 
well illustrated by Figure 2.3, reproduced from Onstad et al. (2007), which shows the rate constants for 
molecular ozone with three cyanotoxins, and their pH dependence. This study used a radical scavenger to 
suppress any reactions with OH radicals in order to measure the rate constants for molecular ozone alone 





Disinfection by-product formation as a result of oxidant doses required for toxin degradation is another 
factor which needs to be considered when implementing ozonation. Rodríguez et al. (2007a) found only 1 
µg/L bromate formation when ozone was applied to a natural water with 50 µg/L spiked bromide, for 
complete oxidation of 165 µg/L influent ANTX-a. However, the oxidation intermediates which may be 
produced from the ozone-anatoxin reaction sequence remain to be investigated, and the potential toxicity 
of those intermediate species is unknown.  
Overall, most studies agree that ozone has the ability to oxidize ANTX-a effectively, provided oxidant 
scavenging by background natural organic matter (NOM) constituents, pH and temperature are duly 
accounted for. As with most ozone applications, the precise dose and contact time required to achieve the 
desired level of toxin degradation will depend upon local water quality and treatment conditions, but 
published material can serve as a guide for expected operation. The poorer performance (only 63% toxin 
degradation) observed by Al Momani (2007), was from a study which employed extremely high ANTX-a 
concentrations (several orders of magnitude above those normally observed in natural waters); studies 
which examined more environmentally relevant toxin concentrations all achieved greater than 90% 
oxidation. Ozone doses typically employed in drinking water disinfection (less than 2 mg/L) appear to be 
appropriate for this application, and greater than 99.9% (3-log) degradation of ANTX-a is predicted for 
systems meeting the ozone dose and contact time requirements for E. coli, viruses, and Giardia lamblia 
disinfection (Onstad et al., 2007). However, care should be taken to validate attainment of the expected 
toxin degradation.  
2.5.1.4 Advanced Oxidation Processes 
Advanced oxidation processes (AOPs) are considered an effective treatment for many micropollutants 
and emerging contaminants, including cyanotoxins, due to the non-specificity of the oxidizing hydroxyl 
radical (Jin et al., 2012; Lee & von Gunten, 2012). The second order rate constants for the reaction of the 











However, when employing AOPs in natural water hydroxyl radicals are not necessarily available in 
excess. Hydroxyl radical formation and concentrations are dependent on the operating parameters 
employed for a particular AOP and on the natural water matrix. Various AOPs have been studied for their 
ability to reduce ANTX-a concentrations, including O3/H2O2, UV/H2O2, the Fenton process, O3/Fe(II) and 
titanium dioxide photocatalysis. Generally, O3/H2O2, and UV/H2O2 have been employed at full-scale for 
other contaminants in drinking water treatment whereas the other processes have been applied either in 
groundwater remediation or at bench-scale.  
ANTX-a degradation efficiency is increased by the addition of OH· radical-promoting chemicals to an 
ozone process, such as hydrogen peroxide (H2O2) or ferrous ions (Fe(II)). In ultrapure water hydrogen 
peroxide and ozone combined can achieve 100% elimination of ANTX-a in less than 180 seconds, with 
increased H2O2 doses (0.001 – 0.01 mg/L) increasing degradation efficacy (Al Momani, 2007), although 
this H2O2 dose (0.1 mg/L with 1 mg/L ozone) was relatively low – an approximate stoichiometric ratio of 
0.3 g H2O2 : 1 g O3 is more typical (Crittenden et al., 2012). The increased degradation observed was 
likely due to enhanced formation of hydroxyl radicals. In the O3/Fe(II) process, addition of Fe(II) in 
excess of 0.5 mg/L did not result in improved toxin degradation, although at 1 mg/L ozone and 0.5 mg/L 
Fe(II), 85% toxin degradation was achieved (Al Momani, 2007).  
In the same study, use of the Fenton process (a combination of H2O2 and Fe(II)) also yielded complete 
oxidation of ANTX-a, with the H2O2 concentration controlling the total degradation, likely enhancing 
hydroxyl radical production, and an inverse relationship between pH and toxin degradation. With the 
application of 0.005 mg/L H2O2 and 0.1 mg/L Fe(II), the toxin degradation increased from 60% at pH 7 to 
73% at pH 3, at a contact time of 180 s. This pH relationship is the opposite of what was observed for 
ozone, and is likely attributable to the fact that the Fenton process is more effective in producing hydroxyl 
radicals at acidic pH values (Chang et al., 2008). Of the AOPs investigated by Al Momani (2007), the 
Fenton process had the highest apparent (first order) rate constant for oxidation of ANTX-a, followed by 




ozone alone. This relative reactivity is consistent with the difference in magnitude between the second 
order rate constants for reactions with OH• radicals and molecular ozone as shown in Table 2.2. 
Similarly, preliminary work conducted by Robertson et al. (1999) with titanium dioxide photocatalysis 
showed complete toxin decomposition within 30 minutes. This was validated by comparison with toxin 
destruction under control conditions – illumination without the catalyst present – which showed less than 
5% degradation. The limited toxin degradation observed in this control (UV irradiation) is in agreement 
with the results discussed in the section on UV treatment.  
Although the removals observed by Robertson et al. (1999) and Al Momani (2007)in ultrapure water are 
promising, no investigation was made in either study into the effects of natural water conditions; 
scavenging of the oxidants by NOM and the impact of excess alkalinity need to be considered when 
applying AOPs at full scale as a barrier to cyanotoxins. Furthermore, the ANTX-a concentrations used in 
both studies (0.5-5 mg/L) are several orders of magnitude higher than those relevant for naturally 
occurring blooms and therefore the applicability of these results to typical source waters needs to be 
assessed under natural water conditions. 
Afzal et al. (2010) examined two UV-based AOPs – vacuum UV photolysis (VUV) at 172 nm, and low 
pressure (LP) UV/H2O2– and found both to be effective in the oxidation of ANTX-a. VUV was capable of 
reducing a 600 µg/L ANTX-a concentration to below the 33 µg/L detection limit (>95% removal) in 
deionised water; however, as expected investigations in model and natural waters showed a reduction in 
the process efficiency, with only 70-85% removals observed for double the UV dose (Afzal et al., 2010). 
A similar trend was observed for the LP UV/H2O2 process, with decreased removals in natural and 
synthetic water, although only 70% toxin reduction was reported in deionised water. A possible dose-
response relationship was observed between H2O2dose and ANTX-a removal with UV/H2O2, up to a 40 
mg/L dose (Afzal et al., 2010). As H2O2 alone does not appear to effectively oxidize ANTX-a, with only 
5% reduction in toxin concentration reported by Al Momani (2007), this relationship is attributed to 




Table 2.2 presents the two pseudo-second order rate constants which have been reported for the reaction 













The latter was reported to be independent of pH (4.5 – 9.5) and temperature (8 – 48 
o
C) (Afzal et al., 
2010). There is good agreement between these rate constants given that they were established 
independently by different labs using different methodologies. 
Collectively these results indicate that although AOPs are capable of achieving complete removal of 
ANTX-a, the operating conditions and selection of the OH· radical generation process play critical roles 
in determining the toxin degradation efficacy and efficiency. Furthermore, all the studies presented in the 
literature have used initial concentrations of ANTX-a higher than would be expected in environmental 
conditions. The effects of oxidant scavenging in natural waters would likely be more severe for lower 
influent toxin concentrations, and this issue should be addressed by future studies.  
2.5.1.5 Permanganate 
Potassium permanganate has been used as an effective oxidative barrier to numerous emerging 
contaminants, including cyanotoxins (Hart et al., 1998; Hall et al., 2000; Rodríguez et al., 2007a). A 2 
mg/L dose may be sufficient to reduce a starting ANTX-a concentration of 2.4 – 4.3 µg/L by over 90% in 
treated water, although the necessary contact time and pretreatment employed have not been indicated 
(Hall et al., 2000). Between pH 6 and 8, the reaction appears constant, but reactivity increases markedly 
between pH 8 and 10 (Rodríguez et al., 2007a). The apparent second-order rate constant is provided in 
Table 2.2, and indicates that permanganate is slightly less reactive with ANTX-a than ozone, and much 
less reactive than the hydroxyl radical. In natural water with 3.6 mg/L DOC, 0.5 mg/L permanganate was 
able to completely eliminate 166 µg/L influent toxin, indicating this oxidant is very well suited to 
treatment of ANTX-a, even in the presence of background NOM (Rodríguez et al., 2007a). Other studies 
have shown better removal with permanganate than ozone, an unexpected result based on the second 




et al. (2007), the authors attributed the higher removals to the impacts of the natural water matrix, 
indicating that it increased the stability of permanganate resulting in increased oxidant exposure.  
2.5.2 Membrane filtration  
Due to the small molecular size of ANTX-a, low pressure membranes (microfiltration and ultrafiltration) 
are generally not considered a barrier to the dissolved, extracellular toxin, although they can be used 
effectively to remove intact cyanobacterial cells under appropriate operating conditions (Global Water 
Research Coalition, 2012). As a result, this review considers only high pressure membranes, namely 
nanofiltration and reverse osmosis.    
Based on molecular weight cut-offs (150-700 Da), nanofiltration can be a promising candidate for 
ANTX-a removal. At low molecular weight cut-offs < 165Da (i.e. the molecular weight of ANTX-a) 
complete removal would be expected based on size exclusion. But even where the molecular weight cut-
off of a membrane (Trisep TS80 4040) is slightly higher than the molecular weight of the target 
compound (200 Da vs. 165 Da), removal efficiency of greater than 96% can be achieved indicating that 
mechanisms other than size exclusion are important for removal (Gijsbertsen-Abrahamse et al., 2006). 
ANTX-a adsorption to nanofiltration membranes has been observed in multiple studies (Gijsbertsen-
Abrahamse et al., 2006; Teixeira & Rosa, 2011, 2012), and therefore accurate removal values can only be 
determined after an appropriate acclimation period of at least 48h. Although these effects were considered 
in the Gijsbertsen-Abrahamse et al. (2006) study, some limitations still apply to their results: in this 
bench-scale investigation, recovery was only 10% of the feed water, which is significantly lower than the 
>75% recoveries often employed in full-scale operation where multiple stages are employed. The initial 
ANTX-a concentration (4.6 – 4.8 µg/L) was within a relevant range for impacted source waters; however, 
with increased recovery, the feed water toxin concentration will increase and lower removals may result.  
Teixeira & Rosa (2006) demonstrated removals up to 96.6% from an electrolyte solution spiked with 10 
µg/L ANTX-a using a negatively charged nanofiltration membrane (Alfa Laval NFT50)  operating with 




(150 Da) is lower than the molecular weight of ANTX-a (165 Da), the two values are quite close and size 
exclusion was likely not the only mechanism for removal as observed removals changed with changes in 
operating conditions. Teixeira & Rosa (2006) found that lower pH (pH 4-8) and the presence of CaCl2 
both enhanced the achievable toxin removals. At low pH, addition of 1 mM CaCl2 resulted in an increase 
in removal efficiency from 83.3% (pH 4.3) to 96.6% (pH 4.0) and at higher pH the removal increased 
from 67.9 % (pH 8.2) to 88.7% (pH 7.7) with the addition of calcium. High rejection (95%) continued to 
be achievable even in clarified natural waters with NOM present. At recovery rates of up to 90%; indeed, 
the presence of background organics, including other cyanotoxins, removed the pH dependence observed 
in electrolyte solution, which was attributed to increased steric hinderances thereby increasing toxin 
rejection.   
Nanofiltration membranes appear to be an effective treatment process for ANTX-a, although the scarcity 
of studies indicates a need for validation of these results, in particular for removal by nanofiltration 
membranes with higher molecular weight cut-offs. It should be noted that although high removals of 
ANTX-a have been observed, removal of microcystins was higher still, as expected given the molecular 
size differential. Removals for the tighter reverse osmosis membranes would be expected to be complete, 
given the ability of those membranes to reject even monovalent ions in desalination processes; however, 
this has not yet been demonstrated.   
2.5.3 UV Irradiation 
Unlike UV irradiation employed for disinfection and AOPs using UV to generate hydroxyl radicals for 
contaminant degradation, direct photolysis degradation of ANTX-a using UV irradiation requires very 
high fluences (doses) (Hall et al., 2000; Afzal et al., 2010) although studies differ on how high. A study 
published by Hall et al. (2000) showed that doses in the range of 20,000 mJ/cm
2
 were required to achieve 
toxin degradation, although toxin removal values were not given in this study, and the type of lamp used 
(medium vs. low pressure UV) was not noted. As the maximum absorbance for ANTX-a occurs at 227 




Medium pressure lamps emit light over a wide wavelength spectrum  and in their study using medium 
pressure (MP) lamps, Afzal et al. (2010) achieved 88% and 50% toxin reductions from starting 
concentrations of 0.6 mg/L and 1.8 mg/L respectively, using a UV fluence of 1285 mJ/cm
2
. Higher 
fluences will have to be employed to achieve removals greater than 90% which is well above the 20 – 100 
mJ/cm
2
 range typically employed for disinfection in drinking water treatment (Crittenden et al., 2012).  
As the Afzal et al. (2010) study was conducted in ultrapure water at bench-scale, and although fluence 
determinations take the character of the particular water characteristics into account, it is expected that the 
reported removals will be impacted by the presence of shielding and competing compounds in full-scale 
operations. Overall, this process is not an effective treatment barrier for ANTX-a as the high fluences 
required are economically unfeasible.  
2.5.4 Adsorption  
As was previously noted, ANTX-a exists both intra- and extracellularly, with the toxin predominantly 
found within intact cells during the bloom growth phase until cell lysis occurs as a result of aging or other 
water treatment processes. While activated carbon may not be appropriate for the treatment of toxins 
bound within the intact cells, it may play a role in the removal of extracellular ANTX-a .  
Activated carbon adsorption is considered a primary treatment barrier for many extracellular cyanotoxins 
(microcystin-LR,-RR,-YR, cylindrospermopsin, saxitoxin, etc.), although its effectiveness for removal of 
ANTX-a is less well understood (Cook & Newcombe, 2002; Carrière et al., 2010). Few studies have 
investigated the use of powdered or granular activated carbon (PAC or GAC) for ANTX-a control and no 
adsorption isotherm parameters have been reported in the literature to-date. The type of carbon used can 
strongly impact the removals obtained, as carbons produced from varying source materials (coconut, coal, 
wood, etc.) and activated via diverse techniques (steam activated, chemically activated, etc.) can exhibit 
different characteristics including surface charge and pore size distribution. Based on the properties of a 




microcontaminants, and based on background water characteristics, some carbons may perform better 
when the competitive and preloading effects of NOM are considered.  
To manage the lack of available research results, some authors have suggested using microcystin 
adsorption as an indicator of potential ANTX-a removal (Carrière et al., 2010; Global Water Research 
Coalition, 2012). However, given the differences in chemical structures, charge, and molecular weight, 
microcystin may not be an appropriate surrogate for the adsorption behaviour of ANTX-a (Newcombe & 
Nicholson, 2004), and impacts of NOM competition and carbon properties may be quite different for the 
two toxins. ANTX-a has a molecular weight of 165 Da, and is therefore more comparable in size to 2-
methylisoborneol (MIB) (MW = 168 Da) and geosmin (MW = 182 Da) – two taste and odour compounds 
produced by cyanobacteria – than to microcystin (MW = 995 Da, microcystin-LR variant). Given the 
much greater availability of data regarding the removal of geosmin and MIB, these compounds may 
potentially serve as appropriate gauges of the feasibility of activated carbon processes for treatment of 
ANTX-a. Activated carbon is also seen as a primary barrier against taste and odour compounds, with high 
removals potentially achievable and further study into the ANTX-a application is therefore warranted. 
2.5.4.1 Granular Activated Carbon (GAC) 
Some preliminary work has been conducted using GAC, although the studies were limited in scope and 
results were somewhat contradictory. Hart et al. (1998) used a coal-based GAC rapid small scale column 
with an empty bed contact time of 6 minutes, and achieved greater than 90% initial removal but found 
80% breakthrough of the 8.2 µg/L influent after 35,000 bed volumes (equivalent to approximately 18 
weeks’ operation). However, no information was given regarding the water matrix used, nor was any 
consideration given to competitive effects. Another study also noted ANTX-a removal using GAC at pilot 
scale, but was unable to distinguish between removals due to adsorption and the possibility of biological 




2.5.4.2 Powdered Activated Carbon (PAC) 
Due to the seasonal and sporadic nature of blooms in many parts of the world, PAC is a more popular 
adsorptive treatment method for cyanobacterial metabolites (i.e., geosmin and MIB) as it allows operators 
greater flexibility and suffers less from the effects of pre-loading of carbon sites than does GAC. 
However, during the bloom growth phase much of the toxin present may be contained intracellularly. The 
usefulness of PAC applied at the front end of the plant (as is typical) would therefore be limited, as only 
the extracellular toxin fraction at the plant intake would be accessible. Intracellular ANTX-a would be 
unaffected by the PAC, but could be released as the result of cell lysis in a later stage of the treatment 
train. 
PAC removal studies for ANTX-a have also been limited; two studies reported 50 – 60% removal of 
ANTX-a using a 5 mg/L PAC dose, one from an influent with approximately 22 µg/L anatoxin (Keijola et 
al., 1988), and the other from an unspecified influent concentration (Bruchet et al., 1998). In both studies, 
contextual information was lacking: no information was given on the type of PAC, contact time, or water 
matrix investigated.  
A more promising result showed 90% toxin removal from 10 µg/L ANTX-a influent, but required 11 
mg/L PAC, and 60 mg/L was required to remove 98% of ANTX-a from a 50 µg/L influent, although the 
contact time allotted was again unspecified (Mouchet & Bonnelye, 1998); In contrast, typical PAC doses 
employed in drinking water treatment would be in the 5-25 mg/L range (Crittenden et al., 2012). The total 
organic carbon (TOC) of the water matrix studied varied between 4 and 6 mg/L, and therefore the 
adsorption process included competition from background organics, but only one carbon type (F400 coal 
based, Calgon Carbon) was considered, and as discussed above, carbon selection is a critical 
consideration for effective adsorption of micropollutants.  
A systematic optimization of this treatment process could yield favourable results, but further information 




background water NOM concentration and composition, temperature, carbon type and influent toxin 
concentration.  
2.5.5 Biofiltration/Slow Sand Filtration 
Similarly to adsorption, despite being considered one of the more effective treatment processes for 
removal of cyanotoxins from drinking water, there is limited information available on the use of 
biofiltration or slow sand filtration as a barrier to dissolved ANTX-a (Ho et al., 2012). ANTX-a degrading 
microorganisms seemingly occur naturally in various lake environments (Rapala et al., 1994), although 
only one such organism – a Pseudomonas sp. Gram-negative bacteria – has been identified (Kiviranta et 
al., 1991). The ANTX-a degradation rate in natural waters via this bacterium was determined to be 6 – 30 
µg/mL over a 3 day period.   
Rapala et al. (1994) noted biodegradation of ANTX-a in a batch sediment experiment, but only following 
a 4 day lag-phase; studies examining removal of other cyanotoxins – primarily microcystin-LR – using 
biofiltration have shown that an extended lag phase (up to 16 days) can be required prior to establishment 
of degrading microorganisms within the biofilm (Cousins et al., 1996; Ho et al., 2012), and based on the 
above findings, similar concerns may be anticipated for ANTX-a. As such, biodegradation may be limited 
to application in warmer climates where cyanobacterial blooms are a continual issue, rather than a 
seasonal and episodic concern as in more temperate regions. 
There is a lack of information on studies dealing directly with degradation of the toxin within a biofilm, 
and no bench-, pilot-, or full-scale biofiltration studies are reported in the peer-reviewed literature. In the 
only study directly dealing with drinking water treatment processes, Keijola et al. (1988) reported 68-74% 
reduction of the neurotoxin from Anabaena flos-aquae culture (presumed to be ANTX-a), using pilot-
scale slow sand filters with an approximate empty bed contact time of 100 minutes, and implicated 




There is evidence for the potential for biodegradation-based processes to contribute to a multiple-barrier 
treatment approach for ANTX-a, albeit the effects of temperature, empty bed contact time, and 
background water quality remain unknown. Further validation of achievable removals within different 
operating conditions is required to confidently rely on biofiltration or slow sand filtration processes.   
2.5.6 Other treatment options 
Bank filtration intakes may provide ancillary benefits for cyanotoxin removal; Klitzke et al. (2011) noted 
that ANTX-a sorption to sediments was higher for clay- and organic-rich sediments than to sandy 
sediments, and reported various Langmuir sorption model parameters based on 10 different sediment 
types. This study may serve as a guide for the type of ANTX-a removals which could be achieved in a 
bank-filtration scenario, considering local soil and sediment compositions.  
The majority of treatment options studied and presented in this review are intended to represent 
municipal-scale operations; as such a knowledge gap exists for technologies implemented at smaller 
scale. While high-pressure membrane filtration and oxidation processes can be expected to perform 
similarly to those operations detailed above, other technologies such as home filtration devices – 
including both ion exchange and activated carbon filtration – are not well characterised, and their 
performance with respect to ANTX-a removal is therefore unknown. No studies have examined home 
carbon filtration devices for ANTX-a control and further investigation of the prospects of these systems 
may be of value to owners of small-community or point-of-entry/point-of-use systems. 
To the authors’ knowledge, no studies have been published examining the use of ion exchange for 
removal of ANTX-a. Monosov et al. (2012) found that microcystin-LR was well removed but suffered 
from competitive effects of background NOM concentrations, and similar concerns can be expected for 
ANTX-a. Although due to the molecular differences between the two toxins, as discussed above, it would 




2.6 Best Practices 
Physical removal via high-pressure membrane filtration and chemical elimination via oxidants such as 
ozone, AOPs and permanganate are the only processes which can presently be considered effective for the 
treatment of extracellular ANTX-a from drinking water, as summarized in Table 2.4. Various studies 
have validated the ability of each of the above treatments to remove or degrade over 90% of the toxin, and 
the impacts of diverse treatment conditions including different background water quality parameters such 
as TOC and pH have been reported and are considered manageable. While treatment with membranes, 
ozone and permanganate has been investigated at environmentally relevant toxin concentrations, the 
studies examining the various AOPs have dealt with high initial ANTX-a levels. Furthermore, often only 
one or two studies have been published on the different hydroxyl radical-producing processes, as Table 
2.3 demonstrates; therefore, while AOPs are considered effective, further validation is recommended. 
Conventional plants which employ none of these processes may be more vulnerable to this toxin than 
other cyanobacterial toxins including the more prevalent microcystins. In a survey of  treatment plants in 
the Canadian province of Quebec, it was projected that under a climate change scenario (15 µg/L influent 
ANTX-a concentrations) no plants using chlorine as the exclusive treatment barrier would be able to 





Table 2.4: Summary of treatment process efficacy for anatoxin-a removal 
Process 
Treatment 
Barrier Efficacy  
Operational Considerations/Comments 
Membranes – NF/RO Likely effective Adsorption of toxin on membrane surface occurs, 
rejection efficiency governed by electrostatic 
interactions and steric hindrance, 90% recovery 
achievable. 
However, no RO data to support theoretical 
rejection and only some NF membranes have been 
investigated. NF membranes with higher molecular 
weight cut-offs may not be as effective and need to 
be investigated. 
Oxidation – Ozone Effective 1 – 2 mg/L  doses resulted in >90% degradation in 6 
studies, dependent on water quality  
Oxidation – Permanganate Effective Efficiency increases above pH 8, 0.5 – 2 mg/L doses 
resulted in >90% degradation in 2 studies 
Oxidation – AOPs Effective OH. generation process impacts efficiency, efficacy 
needs to be quantified for lower toxin 
concentrations and in natural water 
Adsorption – PAC/GAC May be 
effective 
Not frequently investigated, effects of carbon type 
unknown, competition from background NOM may 
reduce efficacy (high PAC doses and short GAC run 
times may be required) 
Biofiltration May be 
effective  
Not frequently investigated, temperature, pH, water 
quality effects unknown, lag phase may occur prior 
to establishment of anatoxin-degrading species (may 
not be suitable for seasonal cyanobacterial 
outbreaks) 
Oxidation – Chlorine Ineffective  Reaction is prohibitively slow (kapp <1 M
-1s-1 at pH 8)  
Oxidation – Chloramine Ineffective  Reaction is prohibitively slow (kapp <1 M
-1s-1 at pH 8) 
Oxidation – Chlorine Dioxide Ineffective  Reaction is prohibitively slow 
UV Ineffective at 
disinfection 
doses 
Very high fluences required (1285 – 20000 mJ/cm2) 
Home Filtration (POU) 
Devices (Carbon) 
Unknown  Further research needed 
Ion Exchange Unknown  Further research needed 
 
Among the physical and chemical processes discussed, some challenges remain to be considered 
including the potential for toxic by-product formation in oxidative treatment, and the management of 
residuals produced in high-pressure membrane treatment. Due to the uncertainty associated even with 




multiple treatment barrier approach is recommended to ensure that public health is safeguarded and that 
potential future regulations and guidelines can be met. A combination of oxidation and physical or 
sometimes biological removal has been employed for other cyanotoxins; however, in the absence of 
applicable information for activated carbon and biofiltration, non-chemical processes for ANTX-a are 
limited to high-pressure membrane filtration.  
It was noted in several instances that important information was missing to assist with the interpretation 
of some studies. Table 2.5 presents suggestions for parameters which should be monitored and included 
in published materials, to allow drinking water practitioners to gauge the re-applicability of study results 
to similar conditions.  
Table 2.5: Recommended anatoxin-a study parameters 
Study Type Parameters 
Oxidation – Cl2, O3, AOPs, 
Permanganate 
CT (time of exposure, oxidant residual at time of anatoxin-a sample 
collection and at T0 – if applicable), pH, temperature 
UV-based  (including AOPs) UV-fluence/dose, type of lamp (low pressure/medium pressure), 
reactor configuration, if MP wavelengths are blocked below 200 nm, 
water flow rate, pH, temperature 
PAC Carbon type (porosity/pore size distribution, source material, particle 
size, surface charge), contact time, type and dose of coagulant used (if 
any), pH, temperature 
GAC Hydraulic loading, empty bed contact time, media/carbon type (as 
above), effective size, uniformity coefficient, media depth, pH, 
temperature 
Biofiltration Hydraulic loading, empty bed contact time, media/carbon type (as 
above), effective size, uniformity coefficient, media depth, pH, 
temperature, biomass parameters e.g. ATP 
Studies considering natural 
waters 






Further work is needed to ascertain the conditions under which the treatment processes discussed herein 
can be applied successfully at full-scale for the removal of ANTX-a. Oxidation via permanganate or 
ozone, and AOPs have all been repeatedly identified as processes effective for ANTX-a treatment, but 
especially for AOPs, studies in natural water and at environmentally relevant ANTX-a concentrations are 
still required. There is a consensus that UV, chlorine, chloramine and chlorine dioxide have been 
acknowledged as ineffective under drinking water treatment conditions. High pressure membrane 
filtration is likely effective, with excellent results for some nanofiltration membranes, although removals 
for NF membranes with larger molecular weight cut-offs need to be validated; furthermore the 
assumption that reverse osmosis membranes will be capable of achieving high rejection of ANTX-a has 
not yet been substantiated. Preliminary results for activated carbon adsorption (particularly PAC) and 
biofiltration show good potential, but indicate a need for further investigation, while the potential of other 
processes or process combinations, including ion-exchange and home treatment units, remains unknown.  
A multiple-barrier approach is suggested for utilities impacted by this toxin, to mitigate the uncertainties 





Chapter 3                                                                                               
Analytical Considerations for Anatoxin-a 
3.1 Summary 
Two analytical methods for the quantification of aqueous anatoxin-a concentrations, enzyme-linked 
immunosorbent assay (ELISA) and liquid chromatography tandem mass spectrometry (LC-MS/MS) were 
evaluated for use in a planned treatment study. An anatoxin-a ELISA which had only become 
commercially available at the time of this study was found to have high relative standard deviation, and 
detected only the naturally-occurring (+)-anatoxin-a stereoisomer. While detection of only the naturally 
occurring isomer seems advantageous the only dependably cost-effective standards available for 
treatment studies are a racemic mixture of (±)-anatoxin-a. Furthermore, it necessitated the use of a solid 
phase extraction sample preconcentration step to measure environmentally-relevant toxin concentrations. 
By contrast, the LC-MS/MS method developed was rapid, reproducible, and sufficiently sensitive to 
measure concentrations in the 1-100 µg/L range of the racemic mixture of (±)-anatoxin-a. However, the 
laboratory equipment and operator training requirements of the LC-MS/MS method are much greater than 
those of the ELISA method. Ultimately, the LC-MS/MS method was deemed to be better suited to the 
requirements of the planned studies.  
3.2 Introduction 
A review of analytical methods for the measurement of cyanotoxins in drinking water and surface water 
studies revealed that enzyme-linked immunosorbent assays (ELISA) and liquid chromatography tandem 
mass spectrometry (LC-MS/MS) were the most frequently used (Fortin et al. 2010). 
ELISA analysis typically employs a colorimetric reaction to quantify the amount of an antigen bound to a 
fixed quantity of receptors in the assay vessel. In the most sophisticated applications, test wells within a 




ELISA assays for microcystins (MC) are well established and produced by numerous manufacturers, as 
shown in Table 3.1. They have been used in a range of monitoring and water treatment studies, including 
Delgado et al. (2012), Fortin et al. (2010), Fromme et al. (2000), Haddix et al. (2007), Hoeger, et al. 
(2005), Ou et al. (2012), Rodríguez et al. (2008), Sorlini, et al. (2013), Xagoraraki and Harrington (2006), 
and  Zamyadi et al. (2012, 2013). Several formats of the assay are available for microcystin detection, 
including some that can target multiple variants of the toxin and even target microcystin and nodularin 
(NOD) in the same assay. In most cases, the sensitivity varies for the different congeners, as shown in 
Table 3.1; therefore many assays are calibrated to the most common variant, microcystin-LR, and report 
the concentration in microcystin-LR equivalents, rather than providing absolute concentrations. However, 
cross-reactivity of the toxin variants also depends on the antibodies employed, and therefore assays from 
different manufacturers can produce different results for the same sample (Triantis et al. 2010).  Several 
issues can further impact the efficacy of microcystin and nodularin ELISA assays, including matrix 
effects such as the potential suppression of test sensitivity by methanol extract matrices, and over-
reporting resulting from seawater matrices (Triantis et al. 2010), although these impacts are now better 
understood and some manufacturers have developed guidelines for managing challenging sample 
matrices (for example, Abraxis, 2015c). 
ELISA kits for many of the other common cyanotoxins including cylindrospermopsin (CYN), as well as 
the brackish- and seawater toxins nodularin and saxitoxin (STX) are also available. These tests are 
capable of providing both presence-absence detection, in their simplest forms, and quantification at 
environmentally relevant concentrations, in their more extensive forms, typically without any sample pre-
concentration. In 2013, an anatoxin-a receptor binding assay (RBA) based on similar principles became 
available from Abraxis (PA, USA). While issues of cross-reactivity are not anticipated, given the limited 
number of anatoxin-a congeners detected in surface waters, the anatoxin-a assay operates in a 
concentration range several orders of magnitude greater than that of most cyanotoxin ELISA kits (up to 




between the assay range and environmental sample concentrations necessitated the addition of a pre-
concentration step, using solid phase extraction (SPE).  
Triantis et al. (2010) and Spoof (2005) recommended ELISA for microcystin and nodularin be used as a 
screening tool in combination with more sensitive methods such as LC-MS/MS, particularly in critical 
cases. While the low capital and operational costs of ELISA are attractive as compared to LC-MS/MS, 
these must be weighed against the limitations in reproducibility, accuracy and specificity.  
In LC-MS/MS quantification the contents of a sample are first separated by an LC column, wherein some 
compounds are more attracted to the column packing material (or stationary phase) than others, resulting 
in a longer retention time prior to elution. Peaks eluting from the column are then ionized, detected by the 
MS quadrupoles and identified based on their m/z or mass-to-charge number ratio. The use of two 
quadrupoles in tandem (MS/MS) allows compounds to be more selectively differentiated than with a 
single quadrupole; ions detected by the first quadrupole (precursor ions) are subsequently fragmented, and 
the resulting product ions are detected by the second quadrupole, producing a fragmentation pattern 
which can be used to confirm compound identification based on the precursor ions.  
LC-MS/MS methods for cyanotoxins, including anatoxin-a, are extremely sensitive, capable of 
differentiating between variants and typically highly reproducible (Furey et al. 2003, Oehrle et al., 2010); 
however, these methods require costly laboratory equipment and extensive operator training. In this study, 
both the RBA and LC-MS/MS methods for anatoxin-a quantification were evaluated, to determine their 




Table 3.1: Commercially available cyanotoxin ELISA microtitre plate kits 
Manufacturer  Trade Name Cyanotoxins detected1 Assay range (µg/L) Cross-reactivity range Source 




MC-LR, -LF, -LW, -RR, -YR 
NOD 
0.15 – 5.0  
MC-LR equivalents 
100% MC-LR 
50% (MC-RR) – 167% (MC-YR) 
100% NOD  
Fischer et al. 2001; 
Abraxis 2015c; Enzo 




MC-LR, -LA, -LF, -LW, -LY, -RR, 
-YR 
NOD 
0.15 – 5.0 
MC-LR equivalents 
100% MC-LR 
66% (MC-LA) – 102% (MC-LW) 
78% NOD 
Abraxis 2015b 
Biorbyt3 Microcystin ELISA 
Kit 
MC-LR, RR, -YR 
NOD 
0.1 – 5.0  
MC-LR equivalents 
100% MC-LR 
12% (MC-RR) – 72% (MC-YR)  
27% NOD 
Biorby, 2015 
Envirologix3  QuantiPlate™ Kit  MC-LR,- LA, -RR,- YR 
NOD 
0.16 – 2.5  
MC-LR equivalents 
100% MC-LR 
35% (MC-YR) – 62% (MC-LA) 
68% NOD 
Envirologix 2010 




ELISA Kit  
MC-LR (monoclonal) 0.1 – 2.5   
MC-LR 
- Abnova 2015; Aviva 
Systems Biology 2015 
Abraxis Cylindrospermopsin 
ELISA 




Abraxis 2015a  
Abraxis Saxitoxin (PSP) ELISA STX, decarbamoyl STX, 
neoSTX, decarbamoyl neoSTX, 
gonyautoxins (GTX) 1, 2, 3, 4 & 
5B, lyngbyatoxin, sulfo GTX 1 
& 2, decarbamoyl GTX 2 & 3) 
0.02 – 0.40 STX 100% STX 
<0.2% (GTX 1 & 4) – 29% 
(decarbamoyl STX) 
Abraxis 2015d 
Abraxis Anatoxin-a Receptor 
Binding Assay 
ANTX, homoANTX 5 – 500  
ANTX 
100% ANTX 
22% homoANTX  
Abraxis 2013b; Rubio 




ANTX, homoANTX 0.4 – 20  
ANTX 
100% ANTX 
22% homoANTX  
Abraxis 2013a; Rubio 
et al. 2014 
1 Variants noted are those confirmed in kit documentation. Assays may also detect (with variable cross-reactivity) other congeners of toxins listed. 
2 Assays produced by both manufacturers have identical patent numbers, documented properties and descriptions 
3 Where assay sensitivity to different congeners was expressed as the 50% inhibition of binding level (50% B/Bo) for each compound, cross reactivity of a 




3.3 Materials and Methods 
3.3.1 Standards and solutions 
Two types of anatoxin-a standards are commercially available –the synthetically-derived (±)-anatoxin-a  
fumarate, which is available from a number of manufacturers worldwide, and a (+)-anatoxin-a standard 
extracted directly from a cyanobacterial cell culture and purified, which is only available from one source, 
the National Research Council of Canada. While it would be ideal to use the second form, which contains 
only the naturally occurring (+)-anatoxin-a stereoisomer, this standard is two orders of magnitude more 
expensive than the synthetic version and as such is cost-prohibitive for a spiking study. Furthermore, 
given the low production levels of this standard, it would be not be feasible to obtain even the relatively 
small quantities necessary for spiking at an environmentally relevant concentration. The (+)-anatoxin-a 
standard is intended for use as a certified calibration solution in laboratory analysis validation, and that is 
how it was employed here. The (±)-anatoxin-a standard is synthesized via a process which results in a 
consistent racemic (50/50) mixture of the two stereoisomers, as confirmed by the manufacturer using 
optical rotation measurements (personal communication, Klein, 2013). 
Solid (±)-anatoxin-a fumarate standard was obtained from Abcam (MA, USA), and a 30 µM (+)-
anatoxin-a standard solution in methanol and water (9:91, v/v) was obtained from the National Research 
Council of Canada (ON, Canada).  The two potential internal standards (ISs) investigated, Cyclo-(Arg-
Ala-Asp-D-Phe-Val) (aka c(RADfV)) and 1,9-diaminononane, were obtained from Peptides International 
(KY, USA) and Sigma-Aldrich (WI, USA), respectively. 
LC-MS grade formic acid was obtained from Sigma–Aldrich. Acetonitrile and methanol were of liquid 
chromatography mass spectrometry (LC-MS) grade. High purity water was acquired from a Millipore 
Milli-Q® UV PLUS water system (MA, USA). Syringe filters were 0.2 µm polyethersulphone from 
VWR International (PA, USA). Surface water was obtained from a local creek and filtered using 0.45µm 




(±)-anatoxin-a stock solutions were prepared by dissolving 5 mg of (±)-anatoxin-a fumarate in 25 mL of 
high purity water. A (+)-anatoxin-a working solution was prepared by diluting 0.2 mL of the 30 µM 
standard solution to 3 mL using high purity water. A 2.5 mg/mL stock solution of c(RADfV) was 
prepared using high purity water, and was further diluted to a working solution concentration of 100 
µg/mL. Similarly, a 1 mg/mL stock solution of 1,9-diaminononane was prepared using high purity water, 
and was further diluted to a working solution concentration of 50 µg/mL. Stock solutions were prepared 
fresh monthly, and stored in amber vials at -20
o
C. 
3.3.2 Anatoxin-a Receptor Binding Assay 
Anatoxin-a RBA and enhanced sensitivity kits were obtained from Abraxis (PA, USA), and employed as 
per the manufacturer’s procedure provided with the kit (Abraxis 2013a, 2013b).  Briefly, toxin present in 
buffered samples and standards competes with biotinylated alpha-bungarotoxin for binding sites of the 
nicotinic acetylcholine receptor coated on the bottom of a 96-well microtitre plate. Two further 
compounds are added in excess, streptavidin-horseradish peroxidase and a colour substrate solution, 
which produce a colourimetric reaction with the biotinylated alpha-bungarotoxin, with the colour signal 
inversely proportional to the amount of toxin present. This reaction is halted after a specified time by the 
addition of a stopping solution and the colour signal is evaluated by reading the absorbance at 450 nm. A 
four-point calibration curve was included in each run, and sample concentrations were interpolated from a 
4-parameter logistic fit. All samples and standards included three or more replicates, as recommended.  
A ChroMate® computer-controlled microplate reader from Awareness Technologies (FL, USA) and 
accompanying software were used to read the absorbance of microplate wells and construct the 
calibration curves.  
For the enhanced sensitivity protocol, the pH of samples was adjusted to 10.5 +/- 0.05 using 6 N NaOH, 
just prior to SPE extraction. SPE columns used were those included in the kit (the type and amount of 
SPE resin are proprietary), and all flow rates were approximately 1 mL/min. The columns were 




passed through the column. Samples were eluted using 1.5 mL 0.1% formic acid in methanol, evaporated 
to dryness under a gentle stream of nitrogen and finally, reconstituted using 1 mL of the provided 
“Anatoxin-a Sample Diluent,” resulting in a 25x concentration factor. Concentrated samples were then 
run through the normal RBA process, though without the use of buffers.  
3.3.3 LC-MS/MS 
A Shimadzu 8030 liquid chromatography tandem mass spectrometer (Shimadzu, KYT, Japan) was used. 
The liquid chromatograph (LC) componentry consisted of a Shimadzu DGU-20A3R degassing unit, a 
Shimadzu LC-20 ADXR pump with a 100 µL mixing loop,  and a Pinnacle DB C18 (50 mm x 2.1 mm 
internal diameter, 1.9 µm packing) analytical column (Restek, PA, USA), regulated at a temperature of 
35
o
C. The eluent was an isocratic mixture of 95% aqueous mobile phase (0.1% formic acid in water) and 
5% organic mobile phase (0.1% formic acid in acetonitrile), with a flow rate of 0.3 mL/min and 10 µL 
sample injection volume. Quantification and analysis were conducted using the Shimadzu LabSolutions 
(version 5.60 SP2) analysis software provided with the hardware package. The MS was operated in 
multiple reaction monitoring (MRM) mode, following electrospray ionization (ESI), with the MS 
parameters indicated in Table 3.2. Standards and samples were prepared for analysis by adding 50 µL of 
the appropriate internal standard working solution to a 1 mL sample aliquot, resulting in a concentration 
of 2.4 µg/mL in samples and standards when 1,9-diaminononane was used as the internal standard.  
Table 3.2: MS parameters for the MRM quantitation of ANTX, 1,9-diaminonane and c(RADvF) 
Compound Molecular Weight Transition (m/z) Collision Energy (eV) 
Anatoxin-a 165 166.1 > 43.0 -25.0 
  166.1 > 149.1  
1,9-diaminononane  159 159.1 > 142.2 -17.0 





3.4 Anatoxin-a Receptor Binding Assay Validation 
3.4.1 Standard Protocol 
Numerous trials of the receptor binding assay were conducted using spiked anatoxin samples in both 
high-purity and surface waters, to determine the assay’s performance parameters. The racemic (±)-
anatoxin-a standard was used for preliminary trials, and recoveries were confirmed using the (+)-
anatoxin-a standard. Given that the toxin-detection mechanism is based on molecular configuration only 
the naturally-occurring (+)-anatoxin-a stereoisomer is detected by the RBA, and the (-)-anatoxin-a 
stereoisomer concentration was not included in the analysis of recoveries. Each standard and spiked 
sample was analyzed in triplicate, as recommended in the assay protocol, and the triplicate average 
response was used to calculate concentrations (i.e. three wells of a microtitre plate constitute one analysis 
of a sample).  The 4-parameter logistic calibration curve generally yielded acceptable fits for ELISA, with 
R
2
 > 0.9 in all cases.  
The recoveries and relative standard deviations (RSD) obtained in both high-purity and surface water are 
presented in Table 3.3. Within the operating range (10 – 500 µg/L) the assay documentation notes that the 
50% inhibition level (the concentration of anatoxin-a required to bind 50% of the available receptor sites) 
is approximately 87 µg/L, and that  determinations closer to the middle of the calibration range will yield 
the most accurate results. This assertion is borne out by the lower average error and RSD of the 50 µg/L 
and 125 µg/L levels in both high-purity and surface water, when compared to the 10 µg/L spiking level. 
However, when the (+)-anatoxin-a standard was used, the 250 µg/L level resulted in better recovery and 







Table 3.3: Percentage recoveries of (+)-anatoxin-a  



























20  10 11 109% 68% 3 75% 49% 
50 50 18 113% 35% 3 147% 21% 
250  125 20 94% 26% 3 124% 17% 
(+)-anatoxin-a
2 
100 100 7 71% 23%    
 250 250 7 90% 11%    
1
 spiked with the racemic mixture  
2
 spiked with the naturally occurring isomer only 
 
The average recoveries of the (+)-anatoxin-a stereoisomer from the (±)-anatoxin-a standard were 106% in 
high purity water and 115% in surface water. Recoveries of the (+)-anatoxin-a standard were lower on 
average, possibly indicating that the (-)-anatoxin-a stereoisomer, while not targeted by the assay, may also 
be detected at some lower cross-reactivity level.  
While the observed average recoveries are adequate for many applications, very high RSD values were 
obtained in both matrices (particularly for the 10 µg/L level), calling into question the reliability of any 
single value. The assay documentation advises that anatoxin-a samples be analyzed in triplicate; by 
contrast, the better established microcystin ELISA protocols advise analysis in duplicate, indicating better 
reproducibility at the individual well-level in those assays. As a consequence of the triplicate analysis 
requirement, the cost per sample is also greater compared to other ELISA kits, as fewer samples can be 
processed using one plate. Indeed, only 11 samples can be processed in triplicate at a time, as the 
documentation advises using a maximum of 48 wells (half of the 96-well plate) in a single analytical run.  
Furthermore, in this study analysis in septuplicate (i.e. using the average response of seven wells in a 
microtitre plate for each sample) was required to consistently obtain RSD values below 20%.  
3.4.2 Enhanced Sensitivity Protocol  
One advantage of many ELISA analyses is the lack of pre-concentration requirements, which reduces 




volumes. Compared to ELISA kits available for other cyanotoxins, the anatoxin-a RBA operates at a 
much higher concentration range, which necessitates the use of a sample extraction step to analyze 
environmentally relevant concentrations and determine compliance or exceedance of proposed regulations 
in the 3 – 6 µg/L range (Vlad et al., 2014). Via the “Enhanced Sensitivity” protocol, the target 
concentration range is lowered from 5-500 µg/L to 0.4-20 µg/L.  
A 5 µg/L (+)-anatoxin-a sample was prepared using the (±)-anatoxin-a standard, split into three 25 mL 
aliquots, and extracted in parallel using the Enhanced Sensitivity protocol for the anatoxin-a receptor 
binding assay (Abraxis 2013a). Each of the three resulting 25x concentrated samples was analyzed three 
times (each in triplicate for a total of nine wells per sample), and the tabulated recoveries are presented in 
Table 3.4. The average recovery was fairly consistent (57 – 61%), with a RSD of 17% between the three 
samples (a measure of the consistency of the extraction procedure, within a single day and with a single 
operator). This trial demonstrated an average of 42% loss through extraction; however, the setup of the 
assay is such that 100% recovery of the toxin through the SPE step is assumed. No internal standard is 
used, no positive control is provided and the standards provided to construct the calibration curve are not 
subjected to the same SPE process – the same standards are used as for the standard protocol, simply 
dividing their nominal concentration by 25 for the analysis. Following the Enhanced Sensitivity protocol 
as directed, toxin losses through extraction are not determinable, nor is it possible to determine the 
consistency of extraction between days or between different users. A further draw-back of the Enhanced 
Sensitivity protocol is that the plating of samples differs slightly (buffers vs. no buffers), therefore un-
concentrated and concentrated samples cannot be analyzed concurrently.  Given the challenges of 
stereoisomer detection, reproducibility and sensitivity, the anatoxin-a RBA kit was deemed unsuitable for 
















% Recovery of 
(+)-anatoxin-a 
% R.S.D. 
(±)-anatoxin-a 10 5 3 57% 20% 
10 5 3 57% 9% 
10 5 3 61% 23% 
   Cumulative: 58% 17% 
 
3.5 LC-MS/MS Method Development and Validation 
Subsequent to the evaluation of the anatoxin-a RBA kit, LC-MS/MS instrumentation became available in 
the University of Waterloo Environmental Engineering research labs and the development of a rapid, 
sensitive and reproducible LC-MS/MS method for anatoxin-a determination was undertaken. The (±)-
anatoxin-a standard was used, as the compound identification and quantification is based on molecular 
mass and can detect both stereoisomers.  The method employed multiple reaction monitoring (MRM) 
using electrospray ionization (ESI), and the MS/MS parameters including transition monitoring (m/z 
values) and collision energy were optimized using LabSolutions’ integrated optimization tool, as reported 
in Table 3.2. The MS parameters were developed using direct injection of standards to the MS/MS 
detector, prior to optimizing the separation by LC. 
The method developed by Oehrle et al. (2010) for the LC-MS/MS analysis of multiple cyanotoxins was 
used as a preliminary source, and adapted to suit the needs of the current project. The Acuity UPLC HSS 
T3 column (100 mm x 2.1 mm ID, 1.8 µm particle size) (Waters, MA, USA) used in the Oehrle et al. 
(2010) paper, was deemed unnecessarily long at 10 cm for the current application – as the original study 
required the separation of 12 compounds, while this project only required the analysis of anatoxin-a and 
one internal standard. A shorter column with similar properties was obtained from Restek (Pinnacle DB 
C18, 50 mm x 2.1 mm internal diameter, 1.9 µm packing), and determined to be sufficient to the 




choice for an internal standard, and 0.1% formic acid in water and 0.1% formic acid in acetonitrile were 
used as the mobile phases in a binary gradient beginning with 2% acidified acetonitrile for 1 minute then 
increasing to 70% over 8 minutes, before flushing with 80% acetonitrile for 1 minute, then re-
equilibrating at 2% acetonitrile for 3 minutes. The gradient was adjusted to elute the anatoxin-a and 
internal standard peaks more quickly, while maintaining separation.  
Problems with retention time variability were encountered, and were more pronounced for the internal 
standard than for the anatoxin-a peak. Subsequently, the method was modified to operate the LC 
isocratically (with no gradient), and 1, 9-diaminononane was investigated as an alternate internal 
standard, as used by Bogialli et al. (2006). Adjustments to the isocratic mix of mobile phases were made 
to ensure that peaks did not elute at less than one column void volume. Ultimately, a stable method was 
developed using 5% aqueous mobile phase (0.1% formic acid in ultrapure water) and 95% organic mobile 
phase (0.1% formic acid in acetonitrile) isocratically, at a flow rate of 0.3 mL/minute. Both (+)-anatoxin-a 
and (-)-anatoxin-a eluted within one peak, as the column did not separate the stereoisomers. 1,9-
diaminonane was selected as the internal standard, as it was closer in retention time to the anatoxin-a 
peak, and under these conditions, the retention times were 0.78 minutes for 1,9-diaminononane, and 1.08 
minutes for anatoxin-a, as shown in Figure 3.1. This method employs direct injection of the aqueous 
samples into the LC-MS/MS. No sample pretreatment was used, other than filtration through a 0.45 µm 
cartridge filter to remove particulates when required, making it much less time consuming than the 






Figure 3.1: Sample chromatogram. 1- Internal standard (1,9-diaminononane); 2- Anatoxin-a 
An eight-point calibration curve in the range of 0.5-100 µg/L ANTX was used, yielding a linear fit with 
an R
2
 of 0.999. All samples and standards were analyzed using triplicate measurements (i.e. 3 injections 
per sample vial). Seven samples in ultrapure water at a 5 µg/L concentration were prepared independently 
of one another, and analyzed (with three injections per sample; i.e. 21total injections) to determine the 
method detection limit (MDL), as per Standard Methods for the Examination of Water and Wastewater  
(2012): 
𝑀𝐷𝐿 = 3.14 × 𝑠 …………………………………………………………………………………………(1) 
where s is the standard deviation of seven replicates, with recoveries of 100 ± 50% and less than 20% 
RSD. The process was repeated with seven samples at a concentration of 10 µg/L anatoxin-a, and the 
results of this analysis are shown in Table 3.5. The relatively low RSD indicates acceptable 
reproducibility and the MDL of 0.65 µg/L anatoxin-a – calculated using the lower concentration samples 
(5 µg/L) – is sufficient to detect environmentally relevant concentrations, without a preconcentration step. 
 
Table 3.5: LC-MS/MS method detection limit determination 
 Spiked Anatoxin-a Concentration 
 5 µg/L  10 µg/L 
Average concentration (µg/L) 4.45  9.84 
Standard deviation 0.21  0.125 
RSD 4.7%  1.27% 




3.6 Analytical Method Comparison 
Table 3.6 presents a comparison of the properties of anatoxin-a analysis via the two methods investigated. 
The LC-MS/MS method developed provides a rapid and sensitive analysis of anatoxin-a concentrations, 
and is capable of detecting both stereoisomers of the toxin, yet requires expensive analytical equipment 
and substantial operator training. Although the use of SPE in combination with LC-MS/MS has not been 
investigated for anatoxin-a specifically, it is anticipated that even greater sensitivity could be achieved 
using this combination, if necessary.  
Conversely, the RBA method without pre-concentration of samples is fairly simple to utilize, but is not 
sufficiently sensitive to determine compliance with proposed anatoxin-a regulations below the 10 µg/L 
level. The pairing of the RBA with a SPE pre-concentration step lowers the assay detection range, but 
increases the complexity of the assay and introduces a source of considerable error, while providing no 





Table 3.6: Comparison of anatoxin-a analytical methods 
 RBA  
(standard protocol) 






Not required Required Not required 
Calibration range 10 – 500 µg/L  0.4 – 20 µg/L 1-100 µg/L 
Sample volume 
required 











plate reader, SPE 
extraction manifold, 






Limited Moderate Substantial 
Analysis time Long  
(> 4 hours/11 samples) 
Extensive  











Relatively high inherent 






Internal standard Not used Not used Used 

















High RSD values were obtained for the RBA, and it was unable to quantify the (-)-anatoxin-a 




and (-)-anatoxin-a. Furthermore, difficulties were encountered in quantifying losses through the 
preconcentration step necessary to measure the low environmentally relevant toxin concentrations. These 
findings indicate that in its current form the RBA may not be appropriate for scientific quantification 
requirements, although it may be a useful semi-quantitative tool for environmental monitoring and 
screening applications. It is highly recommended that a positive control, processed alongside samples, be 
included in trials using SPE as per the Enhanced Sensitivity protocol, to allow losses due to this 
extraction step to be quantified. The LC-MS/MS method developed was capable of quantifying anatoxin-
a at environmentally relevant concentrations, and was significantly faster than the RBA. Given the 
analytical requirements of the planned study, which included relatively small sample volumes, high 
throughput and a toxin concentration range which extended to low µg/L levels, the LC-MS/MS method 
was selected as the most appropriate, and subsequent treatment investigations utilized the method as 





Chapter 4                                                                                         
Anatoxin-a Adsorption by Virgin Carbon in Ultrapure Water 
4.1 Summary 
The adsorption of anatoxin-a in ultrapure water by five GACs and one PAC in virgin state was examined 
using the bottle point technique. As expected PAC outperformed all of the GACs in terms of both kinetics 
and capacity; despite this promising result, the potential for intracellular toxin to bypass PAC and then be 
released downstream limits the applicability of PAC as a treatment barrier to dissolved cyanotoxins. Of 
the GACs, the wood-based carbons (C-Gran and WV B-30) adsorbed anatoxin-a most rapidly, followed 
by the coconut-based (Aqua Carb CX) and finally the coal-based carbons (F400 and F300). Conversely, 
the coal-based carbons had the greatest capacity at equilibrium (1.8 – 6.9 µg/mg adsorbent and  an 
aqueous anatoxin-a concentration of 1 µg/L), while the coconut- and wood-based carbons had lower 
capacity at environmentally relevant toxin concentrations (1.2 µg/mg and 0.9 – 1 µg/mg for coconut and 
wood respectively, at an initial 1 µg/L aqueous anatoxin-a). In surface water applications competition 
with natural organic matter for adsorption sites and preloading of carbons should be further considered to 
elucidate expected reductions in capacity and potential changes in kinetic behaviour.  
4.2 Introduction 
The capacity and kinetics of adsorption for virgin carbons in ultrapure water can provide a baseline 
measure of adsorption behaviour. While this information does not account for adsorptive competition 
from natural organic matter (NOM) in natural waters, or for capacity loss from NOM preloading prior to a 
cyanobacterial toxin event, it is produced under replicable conditions, making the values directly 
comparable with information found in the literature.   
The adsorptive capacity of an activated carbon for a particular adsorbate is dependent on the carbon 
properties, the water matrix, temperature, the properties of the adsorbate in question, and the 
concentration of the adsorbate in the aqueous phase. In a batch adsorption reaction where carbon with no 




𝑞𝑒 =  
𝑉
𝑚𝐴
 (𝐶0 −  𝐶𝑒) ………………………………………………………………………………….. (1) 
where qe is the carbon loading (or amount of adsorbate in solid phase) at equilibrium in µg adsorbate per 
mg carbon, V is the volume of solution in L, mA is the mass of carbon in mg, and C0 and Ce are 
respectively the initial and equilibrium aqueous adsorbate concentrations in µg/L. Such data are typically 
obtained using the bottle point technique (Droste, 1997).  
Isotherms describe equilibrium data for adsorbent loading as a function of the aqueous phase adsorbate 
concentration, assuming constant temperature. Numerous equations have been used to describe adsorption 
isotherms, both theoretical and empirically derived. Among these, the most common are the Langmuir 
and Freundlich isotherms, both two-parameter equations (Crittenden et al. 2012). The theoretically 
derived Langmuir equation is predicated upon several assumptions, including the chemical binding of 
adsorbate molecules in a single layer upon the adsorbent surface and constant free-energy change across 
all adsorption sites, which do not hold for most activated carbon applications (Crittenden et al. 2012). 
Consequently, it is often inappropriate for describing isotherm data for aqueous solutions, particularly 
when using activated carbon as the adsorbent (Crittenden et al. 2012; Worch, 2012).  
The empirically-derived Freundlich model is generally found to best represent experimental data for 
adsorption in aqueous solutions, particularly for heterogeneous adsorbents such as activated carbon 
(Crittenden et al. 2012); its recurring use in water treatment studies has established it as a kind of standard 
(Worch, 2012). The Freundlich equation is expressed as follows: 
𝑞𝑒 =  𝐾𝐹𝐶𝑒
1
𝑛⁄ ………………………………………………………………………………………...(2) 
where KF and n are model parameters, indicative of adsorption strength and energetic heterogeneity of the 
adsorbent surface, respectively (Worch, 2012).  It should be noted that it is also possible to arrive at the 
Freundlich equation by combining a suite of Langmuir isotherms for different adsorption site free-energy 




To date, no adsorption isotherms have been published for the removal of anatoxin-a. In their review of 
water treatment processes for cyanotoxin removal, Westrick et al (2010) noted that activated carbon 
adsorption of anatoxin-a has not been frequently studied and requires further investigation. A past study 
(UKWIR, 1996) examined removal of anatoxin-a in a granular activated carbon (GAC) biofilter; 
however, the distinction between adsorption and biodegradation removal mechanisms could not be made 
(Ho et al., 2012; WHO, 1999). While the coal-based GAC was found to reduce influent anatoxin-a 
concentrations of 1.5 – 9.2 µg/L to below 0.5 µg/L, there was limited information on the GAC capacity or 
adsorption kinetics (UKWIR, 1996). Hart et al. (1998) investigated the removal of anatoxin-a in a coal-
based GAC rapid small scale column, attaining greater than 90% removal of a 8 µg/L influent, with 80% 
breakthrough after 35,000 bed volumes; however, these results cannot be substantiated by replication, as 
no characterizing information was provided for the water matrix studied. The International Guidance 
Manual for the Management of Toxic Cyanobacteria (Global Water Research Coalition, 2012) also 
indicated that there is limited data available on anatoxin-a removal using powdered activated carbon 
(PAC) or GAC, but that removals similar to those of microcystin-LR could be expected. However, given 
the differences in molecular structure between microcystin and anatoxin, it is not evident that they would 
have similar adsorption characteristics.  
It was the objective of this study to investigate anatoxin-a adsorption by a range of activated carbons 
under replicable conditions, producing kinetic data and isotherms which could be compared with 
literature values to provide a preliminary indication of the adsorption behaviour of this neurotoxin. Batch 
adsorption studies were undertaken with six activated carbons, and the performance of each carbon was 
evaluated based on kinetics and equilibrium capacity.  
4.3 Materials and Methods 
4.3.1 Materials 
F400 and F300 GACs were provided by Calgon Carbon (PA, USA), WV B-30  GAC was provided by 




provided by Evoqua (PA, USA). All GACs were donated by the manufacturers at no charge, and a sample 
of unused AC Watercarb 800 PAC from Standard Purification (FL, USA) was provided by a municipality 
in southern Ontario (Canada), where it is used seasonally for taste and odour control.  
 ± Anatoxin-a fumarate standard (>98% purity) was acquired from Abcam (MA, USA), and HPLC-grade 
1,9-diaminononane and formic acid from Sigma–Aldrich (WI, USA). Acetonitrile was of liquid 
chromatography mass spectrometry (LC-MS) grade. A Millipore Milli-Q® UV PLUS water system (MA, 
USA) was used to produce ultrapure water. Syringe filters were 0.2 µm polyethersulphone from VWR 
International (PA, USA). 
5 mg of anatoxin-a fumarate was dissolved in 25 mL of high purity water to prepare stock solutions. A 1 
mg/mL stock solution of 1,9-diaminononane was prepared using high purity water, and was diluted to a 
working solution concentration of 50 µg/mL. Stock and working solutions were prepared fresh monthly, 
and stored in amber vials at -20
o
C. 
4.3.2 Carbon Analysis 
4.3.2.1  Pore Volume and Surface Area Determination 
The virgin carbons were analyzed by an external lab (Quantachrome Instruments, FL, USA), to determine 
surface area and porosity. 
4.3.2.2 Point of Zero Charge (PZC) Analysis 
The pH at which the carbons carry a net-zero surface charge density, or the point of zero charge (pHPZC) 
was determined as per Summers (1986). A series of Erlenmeyer flasks containing 20 mL of 0.1 M NaCl 
solution were adjusted to pH values ranging from 2 to 12 using 0.1 M hydrochloric acid or 0.1 M sodium 
hydroxide. 100 mg of carbon was then added, and the flasks were sealed, placed on orbital shakers at 120 
rpm for 24 hours and their equilibrium (final) pH was then measured. The final pH of the solution was 
plotted against the initial pH, and the pHPZC was determined as the point on the resulting curve where the 




4.3.3 Sample Preparation and Handling 
The bottle point method was used to investigate the adsorption of anatoxin-a by virgin carbon in Milli-
Q® ultrapure water at bench scale, as described in Droste (1997). The GACs were repeatedly washed 
with ultrapure water to remove fines, dried at 110
o
C for 24-36 hours, and subsequently stored in 
desiccators to ensure the dry weight of adsorbent could be measured, following recommendations by 
Worch (2012) adapted from Sontheimer (1988).  
Ultrapure water was collected as a batch and allowed to equilibrate overnight, with no pH adjustment (pH 
6.4). Uncrushed carbon was used, and doses ranging from 4 – 50 mg/L GAC and 7 – 16  mg/L PAC were 
added to 0.5 L samples, each individually spiked with 100 µg/L anatoxin-a. A starting concentration of 
100 µg/L was selected as a conservative estimate of potential influent anatoxin-a levels, while remaining 
within environmentally observed concentrations. 7–9 bottles with different carbon doses were used for 
each of the 6 carbons. Three positive controls were included to monitor potential toxin degradation, two 
replicates with a concentration of 100 µg/L, and one with a concentration of  20 µg/L anatoxin-a. Six 
negative controls (one for each carbon) containing only ultrapure water and 50 mg/L GAC or 16 mg/L 
PAC, and one blank containing only ultrapure water, were also included to preclude the possibility of any 
compounds present being misidentified as anatoxin-a. The positive controls with an initial concentration 
of 100 µg/L remained relatively stable throughout the study, and retained an average concentration of 94 
µg/L after 90 days.  
All samples and controls were placed on orbital shakers at 150 rpm, under an opaque cover to reduce 
exposure to light. The sample bottles with the highest carbon doses (50 mg/L for GACs, 16 mg/L for 
PAC) were monitored regularly by removing a 1 mL aliquot from the bottle to measure the anatoxin-a 
concentration. Equilibrium was defined as a change in aqueous concentration of less than 1% per day. At 
equilibrium, the aqueous toxin concentration in each of the sample bottles was determined, and used to 




of the LC-MS/MS method were not included in isotherm estimation (approximately 5% of the data 
points). 
4.3.4 Anatoxin-a Analysis by LC-MS/MS 
Anatoxin-a concentrations were quantified using a Shimadzu 8030 liquid chromatography tandem mass 
spectrometer (LC-MS/MS) system, composed of a Shimadzu DGU-20A3R degassing unit, a Shimadzu 
LC-20 ADXR pump with a 100 µL mixing loop,  and a Pinnacle DB C18 analytical column (50 mm x 2.1 
mm internal diameter, 1.9 µm packing) (Restek, PA, USA), heated to 35
o
C. An internal standard 1,9-
diaminononane at a sample concentration of 2.4 µg/mL, was used as per Bogialli et al. (2006), and a 
single mobile phase composed of 95% water, 5% acetonitrile and 0.1% formic acid additive was 
employed, adapted from Oehrle et al. (2010). The flow rate was 0.3 mL/min, with an injection volume of 
10 µL. Detection was by multiple reaction monitoring following electrospray ionization. An eight-point 
linear calibration in the range of 0.5-100 µg/L anatoxin-a was established, using an external standard 
calibration. Internal standard quantification was used only in the analysis of the equilibrium data, as 
problems with the stability of the internal standard retention time had not yet been resolved at the time the 
kinetic data was acquired. No sample preconcentration was required to achieve a method detection limit 
of 0.65 µg/L, when using the internal standard. 
4.4 Results and Discussion  
4.4.1 Carbon Properties 
Five GACs and one PAC were selected to provide a cross-section of available products for drinking water 
treatment, representing a range of source materials, porosities, activation methods, and particle sizes 
(Table 4.1). The two coal-based, steam-activated GACs, F400 and F300, differed predominantly in their 
effective particle size. Two wood-based, chemically activated GACs, WV B-30 and C-Gran, and one 
coconut-based carbon with enhanced activation, Aqua Carb CX 1230, were included to round out the 
portfolio of GACs investigated, and one PAC was also included to provide an indication of the efficacy 




Carbons were not crushed, as it was the goal of this study to produce kinetic data which could be 
compared with further investigations using preloaded carbons, which cannot be crushed without changing 
their properties and opening previously inaccessible pores. Furthermore, it was desired to provide a 
comparison of the carbons in circumstances as close as possible to those found in full-scale GAC 
contactors, including an examination of the impact of effective particle size. Finally, Worch (2012) notes 
that grinding of activated carbons to speed the equilibration time can be problematic as isotherms 
determined with the smaller material may not be exactly equivalent to those of the original product.  
4.4.1.1 Porosity and Surface Area 
Based on the reported carbon properties, the two coal-based GACs, F400 and F300, have very similar 
properties, as expected, with only small differences in their Brunauer, Emmett and Teller (BET) surface 
areas, pore volumes, pore size distribution and micropore percentage. Figures 4.1 and 4.2 further show 
that F400 and F300 had nearly analogous pore volume distributions. The coal-based PAC also had similar 
parameters, although its pore volume profile showed some differences in the primary and secondary 
micropore ranges, with lower PAC pore volumes in both ranges. Likewise, the two wood-based carbons, 
C-Gran and WV B-30, were similar, although there was greater variability in BET surface area. Figures 
4.1 and 4.2  reveal comparable profiles for the wood-based carbons, with larger peaks in the secondary 
micropore range (0.8 – 2 nm, Rouquerol et al., 1994) than those of the coal-based carbons, and the 
greatest portion of pore volume contained in the mesopores. Interestingly, the coconut-based Aqua Carb 
shared some properties with both the coal- and wood-based carbons; it had a high BET surface area 
similar to the wood-based carbons, but its pore volume was much closer to the coal-based carbons. It had 
the highest micropore volume per gram, both in absolute terms and as a percentage of total pore volume, 
but very little volume in the mesopore range (Figure 4.2). The molecular dimensions of anatoxin-a were 
calculated to be 6.07 Å in width and 9.96 Å in length, using the MarvinSketch chemical editor 
(ChemAxon, Budapest, Hungary). These dimensions indicate that anatoxin-a is on the cusp of the primary 




orientation, the primary micropores may still play a role in anatoxin-a adsorption as the shorter dimension 
(6 Å) is within the 0-8 Å range. 
4.4.1.2 pH Point of Zero Charge 
Oxygen-containing functional groups on the surface of activated carbons can display either acidic or basic 
character; at different pH levels, these functional groups can shift between protonated and deprotonated 
states – as such, the carbon surface charge is pH dependent (Worch, 2012). Carbon surface charges can 
result in additional interactions (attraction or repulsion) between the adsorbent and ionic adsorbates such 
as anatoxin-a. At low pH carbons typically have a positive surface charge, and inversely, at high pH, a 
negative surface charge. The pHPZC indicates the pH at which the carbon has a net zero surface charge, 
and it can be used to determine the charge of the carbon at pH values employed in this study.  
The pHPZC values for the various carbons are also reported in Table 4.1. The two chemically-activated 
wood-based carbons had the lowest point of zero charge, unsurprising given the use of acid in their 
production. As expected, the two coal-based GACs and the coal-based PAC all had very similar pHPZC 
values, and the coconut-based Aqua Carb had the highest point of zero charge, indicating that its surface 
would be positively charged below pH 10. At pH levels typical of drinking water treatment 
(approximately 6-8), the virgin coal- and coconut-based carbons have positive surface charges, while the 
wood-based WV B-30 is negatively charged. The wood-based C-Gran would have a slightly negative or 























DFT pore size distribution
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800 PAC  
Standard 
Purification 
Coal Steam - 9.4 744 0.416 0.15 0.08 0.13 70% 
F400 Calgon Coal Steam 0.55 –  0.75 9.6 963 0.503 0.21 0.16 0.13 74% 






Coconut Enhanced 0.60   –  0.85 10.1 1568 0.672 0.33 0.31 0.08 94% 
WV  B-30 MWV Wood Chemical  0.80   –  1.10 4.6 1565 1.130 0.06 0.33 0.72 35% 
C-Gran Norit Wood Chemical [d50 = 1mm] 6.3 1813 1.444 0.12 0.40 0.89 36% 
1 
from manufacturer documentation; 
2
 experimentally determined at the University of Waterloo; 
3
 experimentally determined at external lab; 
4 
micropores 
defined as <2 nm (Rouquerol et al., 1994) 
BET – Brunauer–Emmett–Teller adsorption theory 









Figure 4.1: Cumulative pore area with increasing pore width, for the 6 carbons investigated  
 




4.4.2 Kinetics  
The results of kinetic studies on the adsorption of anatoxin-a in ultrapure water using the six carbons are 
presented in Figure 4.3. Over the 90-day period of the study, all six carbons appeared to achieve near-
complete removal of the toxin, although this occurred at markedly different rates. Within the first hour of 
the study, the PAC vastly outpaced the GACs, as expected, though it should be noted that this process 
was examined using a batch system, which differs significantly from a flow-through contactor and may 
favour PAC over GAC adsorption. In a slurry system, such as that used in this study, pore (or 
intraparticle) diffusion may dominate the kinetics  as the rate of film diffusion is increased by the rapid 
stirring, and particle size will impact the pore diffusion as a result of the shorter diffusion paths (mainly 
impacting the macro- and mesopores) (Worch, 2012). 
The five GACs began to show differentiable rates of removal within the first twelve hours (Figure 4.3a). 
The two wood-based carbons had the fastest toxin removal of the GACs, and both performed very 
similarly, achieving equilibrium within 14 days (Figure 4.3b). This can be partially attributed to the 
higher proportion of mesopores in the wood-based carbons (0.7 – 0.9 cm
3
/g) as compared to the coal- and 
coconut-based carbons (0.08-0.14 cm
3
/g) (Table 4.1), providing easier transport to the adsorption sites. 
The rates of toxin adsorption by the two coal-based carbons were also quite close, with the smaller 
effective particle size of the F400 resulting in slightly faster toxin removal than the larger F300. A plot of 
toxin removal over time was normalized by the average effective particle size of each GAC (calculated as 
the average of the effective size range reported in Table 4.1), to compare kinetic behaviour on the basis of 
material rather alone (Figure 4.4). The observed trends for virgin carbon in ultrapure water remain 
unchanged when the effect of particle size can be neglected, with wood-based GACs adsorbing anatoxin-





Figure 4.3: Anatoxin adsorption as a function of time; 100 µg/L initial anatoxin-a concentration, 50 















































Figure 4.4: GAC removal kinetics, normalized by average effective particle size  
The lower pHPZC of the wood-based carbons may also contribute to their faster kinetics – at the pH of the 
ultrapure water (6.4), anatoxin-a (pKa = 9.4) exists predominantly in its protonated, positively-charged 
state, and the wood-based carbons are negatively charged or very close to neutral as previously noted; 
conversely, the coal- and coconut-based carbons are positively charged, producing the potential for 
repulsive interactions that may slow transport to adsorption sites.  
A pseudo-second order model has previously been used to describe the kinetics of activated carbon 
adsorption of a wide range of compounds (Ho & McKay, 1999). While this type of adsorption model is 
effectively empirical (Worch, 2012), it can provide useful kinetic descriptors for comparatively evaluating 




=  𝑘2(𝑞𝑒 − 𝑞𝑡)
2 ………………………………………………………………………………….(3) 
where t is the number of days elapsed, qt (µg/mg) is the amount of solute adsorbed at time t, k2 is the rate 







































The kinetic data are plotted in this form (Figure 4.5) and exhibit excellent linearity for all datasets; 
furthermore, the model fits all result in R
2
 values greater than 0.99, indicating the pseudo-second order 
model described the data well. It should be noted that although the R
2
 values are high, there appear to be 
systematic errors underlying the fit for many of the carbons (i.e. analysis of the residuals does not bear out 
the assumption that they are randomly distributed – there is a systematic trend to the residuals) indicating 
that the underlying mechanism implied by the pseudo-second order model is not completely 
representative of the adsorption system as observed in this study. Nevertheless, it is possible to use the 
parameters of this model to provide a good approximate description which can be used to compare the 
kinetic behaviour of the different carbons in adsorbing anatoxin-a. 
The pseudo-second order model was fitted to the kinetic data for each carbon using an iterative non-linear 
least squares method, and the model parameter values are shown in Table 4.2.  
An expression of the initial adsorption rate, ϑ (µg/mg/day) can be also be determined using the pseudo-
second order model, providing a numeric indicator of performance at low contact times. This parameter 
can be calculated according to Equation 5: 
𝜗 =  𝑘2𝑞𝑒
2 …..……………………………………………………………………………………...(6) 
The experimentally determined qe values were calculated using Equation 4: 








Where Co is the initial anatoxin-a concentration (µg/L), Ce is the liquid-phase concentration at equilibrium 
(µg/L), and m/V is the carbon dose (mg/L).  
Based on the initial adsorption rate (ϑ) (Table 4.2), the PAC dramatically outperformed all of the GACs 
by 2 – 3 orders of magnitude, at 751 µg/mg/day. Among the five GACs, the wood-based carbons were the 
fastest by an order of magnitude with initial rates of 2.00 µg/mg/day (C-Gran) and 1.72 µg/mg/day (WV 
B-30). Of the two coal-based carbons, F400 outperformed the larger F300 (0.17 vs. 0.11 µg/mg/day 
respectively), while the coconut-based Aqua Carb slightly outperformed them both at 0.26 µg/mg/day.  
The experimental and modeled qe values were quite similar, and all have values near 2 µg/mg. While the 
modeled qe estimates were higher than the experimentally determined qe values, this could be attributed to 
a slight overdosing of carbon relative to the anatoxin-a concentration (as previously noted, all carbons 
achieved nearly complete removal of 100 µg/L anatoxin-a with a carbon dose of 50 mg/L).  
A pseudo-first order model was also fitted to the kinetic data, to determine which model was most 
appropriate (refer to Appendix B); the R
2
 values for the pseudo-first order model were lower or very 
similar to those of the pseudo-second order model, while the predicted qe deviated further from the 
experimentally determined values, indicating that the pseudo-second order model better described the 







Figure 4.5: Pseudo-second order kinetic model fits using virgin carbon in ultrapure water. A) F400 
































































k2 (mg/µg/day) ϑ  (µg/mg/day) R
2 
F400 1.99 2.31 0.033 0.17 0.99 
F300 1.99 2.42 0.019 0.11 0.99 
Aqua Carb 1.91 2.27 0.051 0.26 1.00 
C-Gran 1.96 2.04 0.481 2.00 1.00 
WV B-30 1.99 2.06 0.404 1.72 1.00 
PAC 2.00 2.00 186 751  1.00 
 
4.4.3 Isotherms 
4.4.3.1 Freundlich parameter determination 
Worch (2012) noted that knowledge of equilibrium adsorption data is necessary for selecting suitable 
adsorbents; in this study, six carbons were investigated in parallel, to provide a direct comparison 
between the available adsorbents. The Freundlich model (Equation 2) was applied to the equilibrium data 
obtained using the bottle point technique, for each carbon in ultrapure water, as shown in Figures 4.6 – 
4.10. The model parameters and confidence intervals summarized in Table 4.3 were determined using 
non-linear least squares regression, as advised by both Crittenden et al. (2012) and Worch (2012), as 
certain assumptions made in linear regression, including that errors are normally, identically and 
independently distributed about zero, may not hold following transformation of the data to a linear form.   
The adsorption coefficient (KF), is an indicator of the achievable carbon loading – higher KF values imply 
greater capacity if all other terms are equal (Crittenden et al., 2012). The 1/n value is indicative of the 
dependence of a carbon’s capacity on the aqueous phase adsorbate concentration – i.e., the curvature of 
the isotherm (or the slope, on a log-log plot). All other terms being equal, a low 1/n value would indicate 




increase in the aqueous phase adsorbate concentration. Conversely, a high 1/n value would signify lower 
capacity at low aqueous adsorbate concentrations, with a large capacity increase corresponding to 
increases in the aqueous adsorbate concentration.  
Again, the PAC was the best-performing carbon, with a KF value several times greater than those of the 
GACs (Table 4.3). Of the GACs, the two coal-based carbons had the highest KF values, while the two 
wood-based carbons had the lowest KF values.  The 1/n value was quite low for the PAC (0.07), and 
comparable for the wood- and coal-based carbons (0.4-0.6), with the coconut-based Aqua Carb having the 
lowest 1/n of the GACs (0.28). In the case of the F300 isotherm, one aberrant data point may be an outlier 
(identified in Figure 4.6); while this data point cannot be excluded on the basis of any experimental 
consideration, it is anomalous when considered alongside the other data. An analysis of isotherm 
parameters both with and without this outlier is provided, and it can be seen that by removing the outlier 
the goodness of fit (R
2
) for the non-linear regression increases by 9%. More compellingly, the F300 
adsorption coefficient (KF) draws closer to that of the F400 isotherm; it was anticipated that the isotherms 
of these two carbons would be nearly equivalent, as the differing particle size is be expected to have a 
greater impact on the kinetics of adsorption than the equilibrium capacity.  
 











































Figure 4.7: Anatoxin-a Freundlich isotherm, for virgin Aqua Carb (coconut-based) GAC in 
ultrapure water 
 
Figure 4.8: Anatoxin-a Freundlich isotherm, for virgin C-Gran (wood-based) GAC in ultrapure 
water 
 































































































Figure 4.10: Anatoxin-a Freundlich isotherm, for virgin PAC (coal-based) in ultrapure water 
Table 4.3: Freundlich isotherm parameters for virgin carbon in ultrapure water 
Carbon  Kf (µg/mg) (µg/L)
-1/n 1/n R2 
F400  N = 7 
2.19 
(1.00 – 3.38) 
0.51 
(0.33 – 0.70) 
0.94 
F300  N = 9 
1.78 
(0.33 – 3.23) 
0.43 








(0.17 – 0.52) 
0.83 
Aqua Carb  N = 8 
1.15 
(0.52 – 1.78) 
0.28 
(0.12 – 0.43) 
0.78 
C-Gran N = 7 
1.04 
(0.51 – 1.56) 
0.48 
(0.33 – 0.64) 
0.94 
WV B-30 N = 7 
0.89 
(0.71 – 1.07) 
0.60 
(0.58 – 0.66) 
0.99 
PAC N = 5 
6.17 




(95% confidence interval) 
N – number of data points 
  
 
Figure 4.11and Table 4.4 provide a comparison of anatoxin-a adsorption capacities at different aqueous 
anatoxin-a concentrations. At 1 µg/L aqueous anatoxin-a the carbon loadings (qe)  are equal to the 
adsorption coefficients (KF), wherein WV B-30 has the lowest carbon loading and PAC has the highest. 
Evaluating the isotherms at 5 µg/L anatoxin-a, the order of the carbons in terms of carbon loading 


































loading (6.9 µg/mg), while at 20 µg/L anatoxin-a aqueous concentration the F400 GAC overtakes the 
PAC with a qe of 10.2 µg/mg. As can be seen, the aqueous adsorbate concentration can be a critical factor 
in selecting the optimal carbon, due to the different 1/n values of the Freundlich isotherms.  
 
Figure 4.11: Anatoxin-a Freundlich isotherms for six carbons investigated 
Table 4.4: Comparison of anatoxin-a adsorption capacities for the carbons evaluated at different 
aqueous concentrations 
Carbon C = 1 µg/L C = 5 µg/L C = 20 µg/L 
F400  2.2 5.0 10.2 
F300  1.8 3.6 6.5 
F300 w/o outlier 2.1 3.9 6.8 
Aqua Carb  1.2 1.8  2.6 
C-Gran 1.0 2.2 4.4 
WV B-30 0.9 2.3 5.3 
PAC 6.2 6.9 7.5 
































Equilibrium Aqueous Concentration (µg/L) 
F400 (coal) F300 (coal) F300 (w/o outlier)






Based on the best-fit Freundlich adsorption coefficient values, the more microporous coal- and coconut-
based carbons appear to have a greater capacity than the more meso- and macroporous wood-based 
carbons, particularly at low concentrations. However, an examination of the 95% confidence intervals for 
KF (Figure 4.12) indicates that while the GACs had a range of best-fit values, at the 95% confidence level 
they cannot be concluded to be significantly different. The KF value for F400 can be said to be different 
from the coconut- and wood-based carbons with 80% confidence (refer to Appendix C), however given 
the increased scatter in the F300 data, its KF value can only be said to be different from those of the 
wood-based carbons at a 60% confidence level. An examination of the GAC data pooled by carbon 
source material indicates a difference between coal- and wood-based carbons at a 70% confidence level, 
though neither source material could be differentiated from the coconut-based carbon at that confidence 
level.  
A similar picture is presented for 1/n (Figure 4.13), although for that parameter, WV B-30 (wood-based) 
and the coconut-based Aqua Carb appear to be statistically different with 95% confidence. The PAC 
isotherm had a much lower 1/n value than those of the GAC isotherms; this is indicative of relatively high 
capacity at low aqueous anatoxin-a concentrations, with little capacity increase at higher aqueous 
concentrations. Analogously, the aqueous concentration is the mass transfer driving force in the 
equilibrium between aqueous and adsorbed toxin: with a low 1/n value, an increase in this driving force 
does not result in a large effect on the adsorbed toxin capacity. Theoretically, 1/n can be greater than or 
equal to 1; however, values of less than 1 are typical, and are considered “favourable” as they show 
relatively high carbon loading capacity at low concentrations (Crittenden et al., 2012). All Freundlich 






Figure 4.12: Freundlich adsorption coefficient (KF) non-linear fit with 95% confidence intervals 
 
Figure 4.13: Freundlich model parameter (1/n) non-linear fit with 95% confidence intervals 
4.4.3.2 Freundlich Parameter Joint Confidence Regions 
Because of the mathematical structure of the Freundlich equation, the two parameters (KF and 1/n, 
Equation 2), are closely linked – estimates of one parameter directly impact the possible values of the 















































picture of the range of model fits implied by the data. Joint confidence regions (JCRs) for Kf and 1/n were 
calculated for each carbon at a 95% confidence level, and are shown in Figure 4.14, demonstrating the 
high level of correlation between the two parameters. Details of the calculation are provided in Appendix 
C. While the JCRs for the PAC isotherm parameters and the Aqua Carb isotherm parameters are distinct 
from those of the other carbons, those of coal-based F400 and F300 overlap, and the F300 joint 
confidence region also overlaps with those of the two wood-based carbons C Gran and WV B-30. Thus 
caution should be exercised in comparing the parameter estimates for F300 with those of F400 or the two 
wood-based carbons. 
 
Figure 4.14: 95% joint confidence regions and point estimates for the Freundlich parameters of 
isotherms generated with virgin carbon in ultrapure water 
4.4.3.3 Comparison with literature values 
No previously-determined isotherm data exist in the literature for anatoxin-a adsorption. As such, 
anatoxin-a adsorption isotherms were compared to literature values for microcontaminants acquired under 
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Figure 4.15 presents the F400 and F300 anatoxin-a isotherms determined in this study alongside 
Freundlich isotherms obtained using F400 (Pirbazari et al., 1993) and F200 (Chen, Dussert, & Suffet, 
1997) for two cyanobacterial taste and odour compounds, geosmin and MIB. F400 is commonly used in 
drinking water treatment applications and is therefore frequently included as a benchmark in adsorption 
studies, while F200 is a similar coal-based product from Calgon Carbon, which has similar effective 
particle size (0.55 – 0.75 mm) to F400. 
 
Figure 4.15: Comparison of Freundlich isotherms for anatoxin-a, MIB and geosmin by virgin coal-
based carbons in ultrapure water. Anatoxin-a isotherms are based on data from the current study, 
while MIB and geosmin isotherms were drawn based on Freundlich parameters obtained from the 
literature (F400 geosmin & MIB from Pirbazari et al. (1993); F200 MIB from Chen, Dussert, & 
Suffet (1997)).  
As noted by Vlad et al. (2014), anatoxin-a (MW = 165 Da) is a much smaller molecule than other 
common cyanotoxins such as microcystin (995 Da) and cylindrospermopsin (415 Da), and is in fact much 
closer in size to geosmin (182 Da) and 2-methylisoborneol (MIB, 168 Da). These microcontaminants are 
also produced by cyanobacteria, and can co-occur with cyanotoxins including anatoxin-a (Graham et al., 










































levels, their isotherms were determined in lower concentration ranges (0.01 – 1 µg/L (Pirbazari et al., 
1993) and 0.001 – 0.1 µg/L (Chen, Dussert, & Suffet, 1997), respectively) and the resulting Freundlich 
equations were extrapolated to allow comparison with those determined for anatoxin-a. While MIB and 
geosmin are not charged molecules, they are quite close to anatoxin-a in size, as all three compounds have 
a molecular weight between 165 and 182 Daltons. 
Based on Figure 4.15, anatoxin-a is less well adsorbed than either MIB or geosmin by virgin, coal-based 
carbon in ultrapure water. The F400 and F200 MIB isotherms have similar KF values (as would be 
expected), with the F400 adsorption coefficient slightly greater than the F200 coefficient, and the 1/n 
value of the F400 isotherm is greater than that of the F200 isotherm. At an aqueous contaminant 
concentration of 1 µg/L, F400 carbon has nearly twice the capacity for geosmin (4.0 µg/mg) and over 
three times the capacity for MIB (7.3 µg/mg), as for anatoxin-a (2.2 µg/mg). 
4.4.4 Equilibrium Column Model  
A chief consideration in the application of GAC via fixed-bed adsorbers is the time to breakthrough or 
operational life of the carbon. Unlike batch reactors, fixed-bed flow-through absorbers do not experience 
a decline in the mass transfer driving force over time, as they are continually exposed to the influent 
aqueous adsorbate concentration. In a fixed-bed adsorber, the adsorbate solution passes through three 
zones: a spent-carbon zone (already at a carbon loading in equilibrium with the inlet concentration), a 
mass transfer zone (where adsorption takes place with adsorbate concentration declining as depth 
increases), and finally a fresh-carbon zone, which has not yet been exposed to the adsorbate. As such, 
fixed-bed adsorbers assure near-complete removal of the adsorbate prior to breakthrough, when the mass 
transfer zone reaches the bottom of the adsorber. Once the mass-transfer zone reaches the bottom and 
progresses out of the adsorber bed, increasing concentrations of adsorbate are left unadsorbed, and the 
effluent concentration increases until the adsorption capacity is completely exhausted; this produces the 




The equilibrium column model (ECM) is a simplified breakthrough curve prediction model. It uses only 
the single-solute Freundlich isotherms of the solution components as inputs, assuming instantaneous 
equilibrium and neglecting kinetic considerations. These simplifications assume that the mass transfer 
zone is of negligible depth – that there is no resistance to mass transfer and minimal dispersion. The ECM 
is therefore limited to predicting ideal breakthrough curves as concentration steps, neglecting the ‘S’ 
shape of typical breakthrough curves (Worch, 2012). These are major simplifications, the consequences 
of which are discussed below, alongside the implications of the model results. Despite these limitations, 
the ECM can be useful in approximating the maximum service life of a theoretical adsorber as a 
preliminary design calculation (Hand et al., 1997). In a single-solute system, the model produces 
calculations similar to the “carbon usage rate,” with the total volume of water treated prior to 
breakthrough calculated as: 
𝑉 =  
𝑞𝑖𝑚𝐴
𝐶𝑖
 …………………………………………………………………………………………… (8) 
where Ci is the influent adsorbate concentration, qi is the carbon loading in equilibrium with the influent 
concentration, and mA is the mass of adsorbent in use. Applying the Freundlich equation to obtain qi 
yields: 





 ….………………………………………………………………………………… (9) 
 The approximate treated volumes to breakthrough were calculated for all GACs, assuming an influent 
anatoxin-a concentration of 2 µg/L and a carbon mass of 1000 kg (one metric tonne), and ranged from 
675 to 1564 million litres (Figure 4.16). In this setup, F400 and F300 were the best performing, treating 
nearly twice the volume of the coconut and wood-based carbons.  
While the ECM can be extended to include multisolute systems, it was applied as a single-solute analysis 
in this case. As this implies no other compounds are present to compete with anatoxin-a for adsorption 




decline in the presence of NOM.  It should be further noted that in non-idealized systems, slower 
adsorption kinetics result in a wider S-curve at breakthrough; the ECM more closely approximates rapid 
adsorption scenarios, where the assumption of instantaneous equilibrium is less severely violated. Initial 
breakthrough would be expected to occur earlier than predicted for all carbons, but particularly for those 
with slower adsorption.  In kinetic studies the coal-based F400 and F300 carbons were the slowest to 
reach equilibrium and as such the ECM breakthrough prediction is especially suspect in their case.  
 
Figure 4.16: ECM predicted total treated volume to breakthrough, for 1,000 kg of GAC in a single-
solute system with an influent anatoxin-a concentration of 2 µg/L 
4.5 Conclusions 
The adsorption of anatoxin-a by five GACs and one PAC in virgin state was examined using the bottle 
point technique. In both kinetics and capacity, the PAC, as expected, outperformed all of the GACs in 
ultrapure water batch experiments. It delivered a significant increase in the Freundlich isotherm 
adsorption coefficient, KF, over all of the GACs at a 95% confidence level, and had an initial adsorption 



































there are stringent limitations to the applicability of PAC for the removal of dissolved, extracellular 
anatoxin-a, as intact cells containing the toxin may shield it from PAC adsorption, allowing it to bypass 
this treatment process. As PAC is typically applied at the front end of a drinking water treatment train, it 
is possible that intact cells entering the plant would later be lysed through oxidation or cell accumulation 
and aging within the plant, thereby releasing the contained toxin.   
In terms of influence of the adsorbent properties on the kinetics, clear trends were discernable once 
kinetics data normalized over particle size were used. While all five GACs investigated were able to 
adsorb anatoxin-a, the wood-based C-Gran and WV B-30 carbons most quickly adsorbed the toxin, likely 
due to their high surface area, more meso- and macroporous structure and interactions between the 
positively-charged anatoxin-a and the slightly negative or nearly neutral carbon surface charges at the 
operating pH. Conversely, these carbons appeared to have the lowest overall capacity at the 
concentrations investigated, although their isotherms could only be said to be statistically different from 
those of F400 and Aqua Carb at a 95% confidence level, based on the joint confidence regions.  
The coal-based F400 and F300 GACs removed anatoxin-a at the slowest rate, with a discernible impact 
from the different effective particle sizes, while the coconut-based Aqua Carb adsorbed anatoxin-a faster 
than the coal-based and slower than the wood-based carbons. The slower adsorption of the F400, F300 
and Aqua Carb carbons may be partly attributed to their microporous structure and positive carbon 
surface charge at the operating pH resulting in repulsive interactions with the positively-charged 
anatoxin-a. The coal-based carbons demonstrated the highest capacity of the GACs investigated, although 
at a 95% confidence level only the F400 isotherm could be distinguished from the isotherms of the wood- 
and coconut-based GACs, as the F300 joint parameter space overlapped with those of the wood-based 
carbons. 
Using the ECM, the coal-based GACs were predicted to achieve nearly double the total treatment volume 
of the wood- and coconut-based carbons prior to breakthrough, under single-solute conditions; however, 




breakthrough would be expected to be much less. Furthermore, these values must be interpreted with the 
understanding that preloading, NOM competition, and kinetic parameters were not taken into 






Chapter 5                                                                                     
Adsorption of Anatoxin-a by Preloaded Carbon in Ultrapure Water 
5.1 Summary 
Exposure to background organic material in water results in preloading of granular activated carbons, and 
can impact the capacity and kinetics of adsorption by those carbons. Five GACs were preloaded in 
parallel with approximately 40,000 bed volumes of settled water at a surface water treatment plant.  The 
adsorption of anatoxin-a in ultrapure water by the five preloaded GACs was investigated using the bottle 
point technique. Unsurprisingly, preloading impacted the surface properties of the carbons, and resulted in 
changes to adsorption kinetics as well as reduced capacity at equilibrium. Unexpectedly, the coal-based 
F400 and F300 carbons adsorbed the toxin much more rapidly once preloaded than in their virgin states, 
but the wood-based C Gran and WV B-30 GACs still had the fastest kinetics of the preloaded carbons. At 
lower toxin concentrations, the coal-based preloaded carbons (F400 and F300) retained the greatest 
equilibrium capacity (1.2 µg/mg at 1 µg/L aqueous anatoxin-a), with the coconut-based carbon capacity 
being slightly less at 1.0 µg/mg at 1 µg/L aqueous anatoxin-a, and the wood-based carbons having the 
lowest capacity (0.6 µg/mg at 1 µg/L aqueous anatoxin-a).  However, at equilibrium concentrations 
greater than 20 µg/L anatoxin-a, the wood-based carbons had greater toxin capacity than all other 
preloaded carbons. Further consideration should be given to NOM competition for adsorption sites when 
treating surface water, to determine the potential impacts on kinetics and carbon capacity. 
5.2 Introduction 
Activated carbons can be effective in removing a wide range of microcontaminants in drinking water, and 
previous investigations have shown adsorption to be a viable technology for removal of the 
cyanobacterial neurotoxin, anatoxin-a. The exposure of activated carbons to natural organic material 
(NOM) prior to a cyanobacterial event may reduce the capacity of a carbon for anatoxin-a, both directly 




obstructed pores (Newcombe et al. 2002; Yu et al. 2009; Crittenden et al. 2012). Further, preloading can 
change surface properties of activated carbons, notably the surface charge, significantly impacting the 
removal of charged adsorbates (de Ridder et al. 2011).  The degree to which the adsorption kinetics and 
capacity of a carbon are impacted by preloading depends on the nature of the preloading (the duration, 
contact time, and water quality), the target adsorbate, and activated carbon type (Crittenden et al. 2012). 
However, to date, the effects of carbon preloading for anatoxin-a adsorption have not been studied.  
The objective of this study was to evaluate the impact of preloading on activated carbons used for the 
adsorption of anatoxin-a. Five GACs – Calgon F400, Calgon F300, Seimens Aqua Carb CX, Norit C 
Gran and MWV WV B-30 – were preloaded in parallel using post-sedimentation water at a Southern 
Ontario surface water treatment plan. An additional sample of preloaded F300 carbon was obtained from 
a GAC contactor at a full-scale surface water treatment plant, which had been in use for approximately 
100,000 bed volumes.  The kinetic properties and capacities of the preloaded GACs were investigated in 
batch experiments with ultrapure water, to provide complementary data sets comparable to those 
produced in prior investigations using virgin carbon in ultrapure water, which described adsorption of 
anatoxin-a under ideal conditions. 
5.3 Materials and Methods 
5.3.1 Materials 
Virgin carbons and HPLC-grade chemicals were obtained as noted in Section 4.3.1. A sample of F300 
carbon from a full-scale GAC contactor in use for approximately 3 years (approximately 100,000 bed 
volumes) was obtained from a southern-Ontario utility treating lake water. 
5.3.2 Carbon Preloading 
Virgin carbons prepared as per Section 4.3.3 were preloaded with natural organic material (NOM) in a 
pilot setup at the Mannheim Water Treatment Plant in the Region of Waterloo, Ontario, which uses the 




treatment train was first filtered via a pair of 5 cm internal diameter pre-columns, operating in parallel, 
with a bed composition of 5 cm gravel, 10 cm sand, and 10 cm anthracite. The pre-columns were 
necessary to remove floc from the post-sedimentation water prior to GAC treatment. The flow was then 
split among five up-flow GAC contactors with internal diameters of 2.5 cm and 15 cm bed depth. A 12 
m/h hydraulic loading rate was targeted, and the pre-columns were backwashed as necessary to maintain 
flow in the preloading system, approximately once every 24 hours. The total organic carbon (TOC) of the 
influent (after the pre-column filtration) and of the effluent from each GAC contactor was monitored 5 
times over the course of 21 days (approximately 40,000 bed volumes) from late-August to mid-September 





Figure 5.1: GAC preloading design 
 





5.3.3 Sample Preparation and Handling 
Anatoxin-a adsorption by the preloaded carbons in ultrapure water (pH 6.3) was investigated via the 
bottle point method, as described in Section 4.3.3. For each carbon preloaded as part of this study, 8 x 
500-mL glass bottles with carbon doses ranging from 4 – 50 mg/L were used, while for the utility-
preloaded F300 carbon sample, 3 bottles were used with doses in the 4 – 25 mg/L range. Three positive 
controls were included with only ultrapure water and spiked anatoxin-a – two at the 100 µg/L anatoxin-a 
concentration and one at a 20 µg/L concentration. Six negative controls with only ultrapure water and the 
preloaded carbons were included, one for each carbon, at a 50 mg/L dose. One blank was also included 
containing only ultrapure water. A 500 mL volume was used for all samples and controls. The anatoxin-a 
concentration in the bottles which contained the carbon dose for each carbon, as well as each of the 
controls, was monitored at intervals throughout the experiment by removing a 1 mL aliquot to measure 
the toxin concentration. Equilibrium was defined as a change in aqueous concentration of less than 1% 
per day. The two positive controls with an initial concentration of 100 µg/L anatoxin-a remained 
relatively stable throughout the study, and retained an average concentration of 97.5 µg/L after 43 days.  
5.3.4 Anatoxin-a Analysis by LC-MS/MS 
Analysis of aqueous anatoxin-a concentration was conducted using the LC-MS/MS instrumentation and 
methodology detailed in Section 4.3.4. 1,9-diaminononane was employed as an internal standard in the 
acquisition of both the kinetic and equilibrium data.  
5.4 Results and Discussion  
5.4.1 Carbon Preloading 
Total organic carbon (TOC) content was monitored during preloading, both at the influent to the 5 GAC 
contactors (following the two pre-filtration columns) and at the effluent of each contactor. As shown in 
Figure 5.3, breakthrough of the background organics began within 3 days for all of the carbons, although 
the two wood-based carbons (C Gran and WV B-30) had a greater breakthrough concentration after 3 




approximately 40,000 bed volumes treated, all five carbons had nearly complete breakthrough of TOC, 
and were taken out of service. 
 
Figure 5.3: TOC of influent and effluents for the five GAC contactors used for preloading 
 
The point of zero charge (pHPZC) of each preloaded carbon was then determined to provide an indication 
of surface charge. While the virgin carbons showed a range of values – the wood-based carbons having 
pHPZC values below 7, with the coal- and coconut-based carbons above 9 – the exposure to natural water 
and preloading with NOM resulted in converging surface properties (Table 5.1). All of the preloaded 
carbons had pHPZC values in the 6.9-7.2 range, indicating that the adsorption of NOM (major components 
of which are typically negatively charged at neutral pH) altered the carbon characteristics; similar effects 
have been observed for membranes after fouling – while internal heterogeneity is retained, the fouling 



























Table 5.1: Point of zero charge for virgin vs. preloaded GACs 
Carbon pHPZC 
Virgin Preloaded 
F400 9.6 7.2 
F300 9.2 7.2 
Aqua Carb 10.1 7.1 
C Gran 4.6 7.1 
WV B-30 6.3 6.9 
 
5.4.2 Kinetics  
Figure 5.4 shows the results of the kinetic investigations of anatoxin-a adsorption by preloaded GACs in 
ultrapure water, using a batch system. Similarly to the virgin carbon ultrapure water results, the wood-
based C Gran and WV B-30 carbons achieved equilibrium most rapidly, although the smaller of the 
preloaded coal-based carbons, F400, reached equilibrium before the preloaded coconut-based Aqua Carb 
(unlike the virgin carbons). Again, F400 adsorbed anatoxin-a faster than F300 due to its smaller particle 
size; Figure 5.5 presents the kinetic data normalized by the average effective particle size shown in Table 
5.2. The difference between the F400 and F300 was minimized and the remaining difference in the 
normalized kinetics implies that preloading impaired the rapid access to adsorption sites more extensively 





Figure 5.4: Anatoxin adsorption by preloaded carbons as a function of time; 100 µg/L initial 
anatoxin-a concentration, 50 mg/L GAC dose  
 
 
Figure 5.5: GAC removal kinetics, normalized by average effective particle size  










































Table 5.2: Average effective particle sizes for the GACs based on manufacturer documentation 
Carbon Average Effective Particle Size (mm) 
F400 0.65 
F300 0.90 
Aqua Carb 0.73 
C Gran 1.00 
WV B-30 0.95 
 
Interestingly, in a direct comparison of the kinetics of anatoxin-a adsorption by preloaded and virgin 
GACs in ultrapure water (as shown in Figures 5.6 – 5.10), the preloaded coal-based carbons (F400, 
Figure 5.6 and F300, Figure 5.7) reach equilibrium faster than their virgin counterparts (albeit with lower 
equilibrium capacity). The change in pHPZC offers one possible explanation: at pH 6.3, the virgin carbons 
(pHPZC > 9) have a more strongly positive surface charge than the preloaded carbons (pHPZC = 7.2), 
resulting in greater electrostatic repulsion of the cationic anatoxin-a molecule.  
The preloaded wood-based carbons C Gran (Figure 5.9) and WV B-30 (Figure 5.10) also had slightly 
faster initial adsorption than their virgin counterparts, although the time to reach equilibrium was 
comparable, while the coconut-based Aqua Carb (Figure 5.8) had very similar kinetics of adsorption in 
both virgin and preloaded states.  
 





















Figure 5.7: F300 kinetics - preloaded and virgin carbons in ultrapure water 
 
Figure 5.8: Aqua Carb kinetics - preloaded and virgin carbons in ultrapure water 
 





















































Figure 5.10: WV B-30 kinetics - preloaded and virgin carbons in ultrapure water 
 
The pseudo-second order model outlined in Section 4.4.2 was applied to the kinetic data from the 
preloaded carbons, with excellent fits (R
2
 > 0.99), as depicted in Figure 5.11 and Table 5.3, although 
systematic trends in the residuals were again observed, indicating that while the model may approximate 
the data well in this case, the underlying mechanisms of adsorption are not completely described. 
However, the model provides a basis for comparing characteristics of the data sets for the various 
carbons, and it is to this end that it is employed herein. The pseudo-second order parameters were 
estimated using an iterative non-linear least squares method, as linear methods require data transformation 





















Figure 5.11: Pseudo-second order kinetic model fits using preloaded carbon in ultrapure water. A) 
F400 and F300, B) Aqua Carb, C-Gran, and WV B-30. 















F400 1.96 2.22 0.12 0.59 1.00 
F300 1.93 2.25 0.07 0.34 1.00 
Aqua Carb 1.78 2.08 0.06 0.24 0.99 
C-Gran 1.89 1.89 1.23 4.40 1.00 




















































A comparison of the initial adsorption rate (ϑ) fits the observation made earlier that the wood-based 
carbons outperform the coal- and coconut-based carbons, by an order of magnitude.  Compared to the 
equivalent values obtained for virgin carbons in ultrapure water, the F400 and F300 initial adsorption rate, 
ϑ, and overall rate constant, k2, are both  more than 3 times greater when preloaded. While the preloaded 
wood-based carbons also showed some increase in these parameters, it was less than half that of the coal-
based carbons.  
The experimental and modeled qe values were quite similar, and in the case of the wood-based carbons, 
were identical. The modeled qe estimates for the coal- and coconut-based carbons were slightly higher 
than the experimentally determined qe values, though in every case the preloaded carbon qe values were 
lower than those of the virgin carbons, as expected.  
5.4.3 Isotherms 
5.4.3.1 Freundlich parameter determination 
The equilibrium anatoxin-a adsorption of the preloaded carbons in ultrapure water was modelled using the 
Freundlich isotherm equation, as described in Section 4.4.3.1 with the parameters determined by non-
linear least squares regression given in Table 5.4. Figures 5.12 – 5.14 present a comparison of the 
preloaded carbon isotherms with those of the virgin carbons; while the equilibrium capacity of all carbons 
deteriorated following preloading, the capacity reduction varied among the carbons, with KF values 





Figure 5.12: Anatoxin-a Freundlich isotherms for virgin and preloaded F400 and F300 (coal-based) 
GAC in ultrapure water 
 
Figure 5.13: Anatoxin-a Freundlich isotherms for virgin and preloaded Aqua Carb (coconut-based) 






























Equilibrium Concentration (µg/L) 
F400 preloaded F300 preloaded F300 - utility preloaded





































Figure 5.14: Anatoxin-a Freundlich isotherms for virgin and preloaded C-Gran and WV B-30 
(wood-based) GAC in ultrapure water 
Table 5.4: Freundlich isotherm parameters for preloaded carbon in ultrapure water 
Carbon  Kf (µg/mg) (µg/L)
-1/n 1/n R2 
F400  N = 8 
1.24 
(0.44 – 2.03) 
0.31  
(0.13 – 0.49) 
0.78 
F300  N = 8 
1.18  




F300 - utility N = 3 
0.72  
(0 – 2.56) 
0.28 
(0 – 0.95) 
0.97 
Aqua Carb  N = 8 
1.01 
(0.60 – 1.46) 
0.24 
(0.13 – 0.36) 
0.82 
C-Gran N = 8 
0.58 
(0.48 – 0.69) 
0.59 
(0.54 – 0.64) 
0.99 
WV B-30 N = 8 
0.55 
(0.29 – 0.81) 
0.61  
(0.47 – 0.75) 
0.95 
(95% confidence interval) 
N – number of data points 
  
 
Of the coal-based carbons (Figure 5.12), preloaded F400 again had slightly higher capacity than F300 in 
the concentration range investigated, and as expected, the F300 sample preloaded after 3 years’ operation 
in a full-scale surface water treatment plant had even lower capacity, with a KF value 60% lower than that 
of the virgin F300. Both the preloaded wood-based carbons again produced very similar isotherms 






































Carb (Figure 5.13) had the lowest capacity reduction following preloading, with a change in KF of only 
12%.   
A comparison of the capacities of the various preloaded carbons at three aqueous anatoxin-a 
concentrations, 1, 5 and 20 µg/L, is provided in Table 5.5, along with an indication of the change in 
capacity as compared to virgin carbon at the same toxin concentration. While the coal-based carbons 
underwent relatively large capacity reductions through preloading, they retain the highest capacity at 
lower concentrations (<10 µg/L), whereas the preloaded wood-based carbons appear to perform more 
favourably at higher concentrations (>20 µg/L).   
It should be noted that at a 95% confidence level, only the F300 and C Gran isotherms can be 
differentiated from one-another, as demonstrated in Figures 5.16 and 5.17. The coal- and coconut-based 
preloaded carbon isotherms can only be distinguished from those of the wood-based carbons at an 80% 
confidence level, for both the KF and 1/n parameter values.  
 
































Equilibrium Aqueous Concentration (µg/L) 
F400 preloaded F300 preloaded
F300 - utiltity preloaded AquaCarb preloaded





Table 5.5: Comparison of anatoxin-a adsorption capacities for the preloaded carbons evaluated at 
different aqueous concentrations 
 Aqueous anatoxin-a concentration 
Carbon C = 1 µg/L C = 5 µg/L C = 20 µg/L 
F400 preloaded 1.2 (-43%) 2.0 (-59%) 3.1 (-69%) 
F300 preloaded 1.2 (-34%) 1.8 (-49%) 2.6 (-59%) 
F300 – utility preloaded 0.7 (-60%) 1.1 (-68%) 1.7 (-74%) 
Aqua Carb preloaded 1.0 (-12%) 1.5 (-18%) 2.1 (-22%) 
C-Gran preloaded 0.6 (-44%) 1.5 (-33%) 3.4 (-22%) 
WV B-30 preloaded 0.6 (-38%) 1.5 (-37%) 3.4 (-36%) 
Adsorption capacity, qe unit =  µg(anatoxin-a)/mg(carbon)  
(% change from virgin carbon capacity) 
 
 

























Figure 5.17: Freundlich model parameter (1/n) non-linear fit with 95% confidence intervals 
5.4.3.2 Freundlich Parameter Joint Confidence Regions 
Joint confidence regions (JCRs) for the two Freundlich isotherm parameters, KF and 1/n were calculated 
at a 95% confidence level, and are shown in Figure 5.18 (details in Appendix C). Unlike the confidence 
intervals calculated for the individual parameters, JCRs consider the correlation of the two parameters, 
and the non-orthogonal orientation of the JCRs with respect to the axes confirms that the parameters are 
not independent. In this analysis, the five isotherms are differentiated clearly by carbon material – the two 
coal-based carbons have overlapping JCRs, as do the wood-based carbons, but no two JCRs from carbons 
of different source material coincide. The implication of these results is that isotherms of the F400 and 
F300 GACs can be said to be statistically different from those of the C Gran and WV B-30, and the Aqua 
Carb GACs, and vice-versa (with 95% confidence); therefore, comparisons of carbon behaviour based on 














Figure 5.18: 95% joint confidence intervals and point estimates for the Freundlich parameters of 
isotherms generated with preloaded carbon in ultrapure water 
5.4.3.3 Comparison with Literature Values 
Given the inherent variability of preloading – differences in hydraulic loading, water quality and 
contactor design – it is difficult to directly compare isotherms produced using preloaded carbons from 
different studies. Furthermore, many studies do not provide details of their preloading operation (bed 
volumes, preloading water characteristics, etc.), rendering it even more difficult to draw any conclusions 
based on isotherm comparisons. Figure 5.19 presents wood- and coconut-based preloaded carbon 
isotherms for the adsorption of MIB and the cyanotoxin microcystin in two of its common variants – 
microcystin-LR (MC-LR) and microcystin-LA (MC-LA) (Ho & Newcombe, 2007; 2010). While 
preloading information was not provided for the MIB isotherm, the microcystin isotherms used carbon 
from a preloading setup following approximately 20,000 bed volumes of treated water with 4.9 mg/L 
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compounds than for anatoxin-a, the literature-based isotherms were generated in natural water, rather than 
in ultrapure water as done in this study. The implication of this is that anatoxin-a isotherms conducted 
using natural water would likely be more similar to those shown for MIB and microcystin.  
 
Figure 5.19: Comparison of Freundlich isotherms for anatoxin-a and MIB by preloaded wood- and 
coconut-based carbons. Anatoxin-a isotherms are based on data from the current study produced 
in ultrapure water, while MIB and microcystin isotherms were drawn based on Freundlich 
parameters obtained from the literature and produced in natural water (Ho & Newcombe, 2007; 
2010).  
5.4.4 Equilibrium Column Model  
The Equilibrium Column Model (ECM) was used to estimate the maximum potential usage of the 
preloaded carbon, as described in Section 4.4.4. It must be noted again that in the single-solute form, the 
ECM employs several simplifications regarding ideal adsorption kinetics and lack of competition which 
render its outputs viable only for preliminary performance comparisons. In realistic applications, the 
presence of NOM fractions competing for adsorption sites and non-instantaneous adsorption results in 
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Aqua Carb (coconut) Anatoxin-a, this study C Gran (wood) Anatoxin-a, this study
WV B-30 (wood) Anatoxin-a, this study Coconut MIB





in defining the idealized maximum boundary of performance potential, and different carbons may be 
compared via this maximum.  
Assuming conditions identical to those used in Section 4.4.4, namely a 2 µg/L anatoxin-a influent 
concentration and carbon mass of 1,000 kg within a filter bed, the maximum treated volume to 
breakthrough was calculated for each of the preloaded carbons, as shown in Figure 5.20. Of the preloaded 
carbons, the coal-based F400 and F300 again had the highest potential treated volume prior to 
breakthrough of anatoxin-a (over 700 million litres, corresponding to a carbon usage rate of 1.4 mg 
carbon/L treated), although their capacity was more greatly reduced by preloading than that of the 
coconut-based Aqua Carb. The F300 sample from a full-scale treatment plant showed even greater 
capacity loss resulting from the extended preloading, although relatively high removals were still 
achievable. As noted previously, further substantial capacity reductions would be expected for adsorption 
in natural water. 
 
Figure 5.20: ECM predicted total treated volume to breakthrough, for 1,000 kg of GAC in a single-




































Five GACs were preloaded in parallel with post-sedimentation surface water to allow a direct comparison 
of changes to adsorption kinetics and equilibrium capacity for anatoxin-a, in ultrapure water. Near-
complete breakthrough of the influent TOC (4.5 – 5.2 mg/L) was observed for all of the carbons after 21 
days (approximately 40,000 bed volumes, hydraulic loading rate 12 m/h). Converging carbon surface 
properties, including pHPZC were attributed to the impact of preloading with NOM (which is negatively 
charged); following preloading, all of the carbons had very similar pHPZC values, within the 6.9 – 7.2 
range. 
The capacity of all carbons deteriorated following preloading, (as compared to the capacities of the virgin 
carbons) with the coconut-based Aqua Carb experiencing the smallest reduction. The coal-based F400 
and F300 carbons retained the greatest capacity at lower aqueous toxin concentrations (less than 20 µg/L) 
while at higher concentrations the wood-based carbons had greater capacity. It should be noted that only 
the coal-based F300 and the wood-based C Gran Freundlich model parameters could be statistically 
differentiated by their 95% confidence intervals, although JCRs at a 95% confidence level distinguished 
between the joint parameter spaces of the coal-, wood- and coconut-based carbons, indicating that the 
isotherms produced by carbons of different source material are distinct from one another.  
The adsorption of anatoxin-a by preloaded coal-based GACs (F300 and F400) was much faster than by 
their virgin counterparts, possibly due to changes in the carbon surface charge. Preloading with 
negatively-charged NOM reduced the pHPZC, and as a result, at the pH of the ultrapure water (6.3) the 
repulsive charge interactions between the positively-charged carbon and the cationic toxin were 
diminished. While the coconut- and wood-based carbons also showed some increase in the initial rate of 
adsorption, it was considerably smaller than the effect observed for the coal-based carbons.  Overall, the 
preloaded wood-based C Gran and WV B-30 retained the fastest toxin adsorption, while the coal-based 
F400 and F300 overtook the slower coconut-based Aqua Carb; this material-based ranking was 








Chapter 6                                                                                       
Adsorption of Anatoxin-a by Virgin Carbon in Natural Water 
6.1 Summary 
The adsorption of anatoxin-a from Grand River water by five virgin GACs and one PAC was studied at 
bench-scale via the bottle point technique. Water from the Grand River in Southern Ontario was 
characterized using DOC (5.42 mg/L), pH (8.0), SUVA (4.11 L/mg*m) and LC-OCD analysis, and was 
found to have relatively high humic content (4.69 mg/L). As expected, the presence of background natural 
organic material (NOM) reduced the equilibrium capacity of all the carbons, compared to their capacities 
in ultrapure water.  The PAC was the fastest adsorber, followed by the coconut- and wood-based carbons, 
while the coal-based carbons were the slowest – a trend which became increasing apparent when the 
kinetic data were normalized by average effective particle size, to more closely examine the impact of 
carbon source material. The PAC also had the greatest capacity in the concentration range investigated, 
although its application may be limited as intact cyanobacterial cells may permit intracellular toxins to 
bypass PAC early in the treatment train. Conversely, GAC contactors are typically located later in a 
treatment train, and would be less likely to encounter intact cyanobacterial cells. All of the GACs 
produced very similar Freundlich isotherms, and comparison with literature values indicated similar or 
slightly lower capacities for anatoxin-a as for the more commonly regulated microcystin-LR. Declining 
toxin concentrations in the natural water controls were noted, and a conservative approach was taken in 
evaluating the results; nevertheless, trends observed are believed to be valid. 
6.2 Introduction 
The efficacy of microcontaminant adsorption from drinking water is impacted by the water quality as a 
result of carbon preloading and NOM competition (e.g. Ho & Newcombe, 2007). Numerous studies have 
investigated the adsorption of other cyanotoxins (mainly microcystins) and cyanobacterial taste and odour 
compounds such as geosmin and MIB in natural water (Ho & Newcombe, 2007; Ho & Slyman, 2008; Ho 




been published to date. This investigation provides an indication of the impact of natural water 
characteristics on anatoxin-a adsorption and the relative treatability of this neurotoxin, producing kinetic 
data and isotherms for six carbons which can be compared with literature values available for other 
cyanobacterial metabolites. However, it is reasonable to consider that the major trends observed would be 
generally applicable to other waters having similar quality with respect to major parameters such as DOC, 
pH, etc.  
It should be noted that each water matrix will impact the adsorption process to different degrees and 
results will be specific to a given water matrix; as such, this study aimed to also provide a characterization 
of the surface water used. Outcomes of this study may not be applicable to different source waters –it 
must be understood that the specific results pertain to the surface water used in this investigation.  
6.3 Materials and Methods 
6.3.1 Materials 
HPLC-grade chemicals and virgin carbon samples were obtained as detailed in Section 4.3.1. The water 
used in this study was Grand River water (GRW) collected from the raw water intake of a southern-
Ontario utility on December 3, 2014.   
6.3.2 Sample Preparation and Handling 
GRW was filtered through 0.45 µm nylon filters (Supelco Analytical, PA, USA) to remove solids. The 
remaining NOM components were characterized using liquid chromatography–organic carbon detection 
(LC-OCD), which fractionates NOM based on size and can be used to quantify five NOM components: 
biopolymers (compounds with molecular weight over 10,000 Da, including proteins and 
polysaccharides), humic substances, building blocks (breakdown products of humic substances), low 
molecular weight neutrals, and low molecular weight acids (Huber et al., 2011). The UV254, pH, and 
dissolved organic carbon (DOC) content of the water were also measured, to provide further 






) by the dissolved organic carbon (DOC, mg/L) as determined from the bypass peak of the 
LC-OCD chromatogram. 
The bottle point method was used to study anatoxin-a adsorption in GRW by the virgin carbons, as 
described in Section 4.3.3. The water was autoclaved prior to toxin addition, to discourage microbial 
growth and reduce biodegradation potential. Six positive controls were included: two ultrapure water 
controls at 100 µg/L anatoxin-a, one ultrapure water control at 20 µg/L (as used previously), as well as 
two GRW controls at 100 µg/L and one GRW control at 20 µg/L anatoxin-a. Six additional negative 
controls were also added to the protocol – one for each carbon in GRW – as well as a GRW blank. All 
bottles were places on an orbital shaker operating at 150 rpm and shielded from light exposure (again, to 
minimize toxin degradation). The anatoxin-a concentrations of the sample bottles with the highest doses 
of each carbon, as well as the positive controls, were monitored by removing a 1 mL aliquot for analysis 
by LC-MS/MS. The % removal was calculated using the difference in concentrations between the sample 
bottle and the average of the two GRW positive controls with an initial concentration of 100 µg/L 
anatoxin-a (at the same sampling time); equilibrium was defined as a change in the toxin removal of less 
than 1% per day. At equilibrium, the aqueous anatoxin-a concentration of all sample and control bottles 
was determined; in calculating equilibrium isotherms only data points with a final aqueous concentration 
greater than the limit of quantification of the LC-MS/MS method (0.65 µg/L) and less than the average of 
the two 100 µg/L (initial concentration) GRW positive controls were included. In general, this procedure 
resulted in the exclusion of only approximately 15% of the data.  
6.3.3 Anatoxin-a Analysis by LC-MS/MS 




6.4 Results and Discussion  
6.4.1 Natural Water Characterization 
The results of the analyses used to characterize the GRW are summarized in Table 6.1. The humic 
fraction made up the largest portion of the carbon content (73%), with building blocks and low molecular 
weight neutrals contributing an additional 24%. SUVA (a ratio of UV absorbance and DOC 
concentration) is an indicator of the proportion of aromatic organic material (mostly humic), and supports 
the finding of high humic content in GRW. A past characterization study of Southern Ontario drinking 
water sources found that the Grand River typically had much greater DOC and humics content than other 
surface waters, including the Great Lakes (Croft, 2012). In addition, at 8.0, the pH of the GRW used in 
this study was much higher than that of the ultrapure water used in prior components of this study (6.3). 
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6.4.2 Anatoxin-a Stability 
After 21 days, all carbons had met the equilibrium criteria (a change in removal of less than 1% per day, 
as compared to the average of the GRW positive controls with a 100 µg/L initial concentration). 
However, degradation of the spiked anatoxin-a in GRW was observed over the 21 days of this 
investigation. While the aqueous anatoxin-a concentrations of the positive controls in ultrapure water 
remained relatively stable throughout, the GRW positive controls which had an initial concentration of 
100 µg/L declined gradually to an average of 36.7 µg/L, as shown in Figure 6.1. The third GRW positive 
control had an initial concentration of 20 µg/L, and declined to a final concentration of 6.7 µg/L, with 
concentrations equivalent to 18-21% of the 100 µg/L-initial concentration positive controls at each 
sampling time. In part, the degradation of the toxin in GRW can likely be attributed to the difference in 




anatoxin-a is more stable in the protonated, cationic form, which predominates at lower pH levels (pKa = 
9.4), whereas the neutral species degrades more readily (van Apeldoorn et al, 2007; Kaminski et al., 
2013). At pH 8, approximately 4% of the toxin would exist in the less stable deprotonated form, in a 
continuously correcting equilibrium with the protonated form, as opposed to less than 0.1% at pH 6.3. 
The pH of the GRW was not adjusted prior to spiking with anatoxin-a, as it was desired to examine the 
adsorption behaviour in an unaltered natural surface water, to maintain conditions as close to realistic as 
possible; furthermore, the degree of degradation observed was unexpected, given that  after six days the 
toxin concentration in the GRW appeared to level off. Under ideal circumstances, this study would have 
been repeated at a lower pH level; however, time constraints did not allow for the repetition.  
 
Figure 6.1: Anatoxin-a positive controls in ultrapure water (UW) and Grand River water (GRW), 
degradation over 21 days 
6.4.3 Kinetics 
As previously noted in the ultrapure water investigation with virgin carbons, the PAC was the most 
rapidly adsorbing of the carbons studied for removal of anatoxin-a from GRW. Figure 6.2 shows the 





























Control 1 - GRW, initial dose 100 µg/L Control 1 - UW, initial dose 100 µg/L
Control 2 - GRW, initial dose 100 µg/L Control 2 - UW, initial dose 100 µg/L




percent removal of each carbon, calculated based on the average concentration of the GRW positive 
controls at the sampling time. The coconut-based Aqua Carb was the next fastest to reach equilibrium at 
18 days, with the wood-based C Gran and WV B30 performing very similarly to the smaller of the coal-
based GACs, F400; all of the carbons met the equilibrium criteria (change in removal of less than 1% per 
day) within 21 days. As noted previously, the larger size of the F300 grains results in somewhat slower 
adsorption, although normalizing the kinetic data by the average effective particle size, as shown in 
Figure 6.3, results in nearly overlapping curves, confirming that the difference in particle size is the main 
differentiating factor for these two carbons.   
 
Figure 6.2: Anatoxin % removal by virgin carbons in GRW as a function of time; calculated based 
on the average GRW control concentration at each sampling time; 50 mg/L adsorbent dose for 
GACs, 30 mg/L adsorbent dose for PAC. 
























Figure 6.3: Anatoxin-a removal time series, normalized by average effective particle size  
Overall, the GACs reached equilibrium faster in GRW than in the past ultrapure water experiments, 
where one carbon (F300) required nearly 90 days to meet the equilibrium criteria; however, in GRW the 
aqueous anatoxin-a  concentration declined as a result of both degradation and adsorption. The 
degradation resulted in a diminished driving force for the diffusion of the toxin – as such, results are not 
directly comparable with those obtained in ultrapure water, where adsorption was the predominant cause 
of changes in aqueous anatoxin-a concentration.  
Due to the degradation of spiked anatoxin-a in GRW, it was not possible to apply the pseudo-second 
order kinetic model previously used in Sections 4.4.2. and 5.4.2., as the data did not conform to the 
required input format.  The model necessitates the calculation of the amount of the original spiking 
concentration removed at each sampling time, rather than the percent removal based on available toxin 
concentration, and assumes no degradation of the target adsorbate – a condition which was not met.  
6.4.4 Isotherms 
6.4.4.1 Freundlich parameter determination 
The Freundlich isotherm model was fitted to the equilibrium adsorption data for each carbon as detailed 























anatoxin-a observed in GRW positive controls, adsorptive capacity (qe) was calculated as the amount of 
toxin removed with respect to the amount of toxin available at the time equilibrium was reached – i.e., the 
difference between the final sample concentration and the average of two GRW positive controls with a 
100 µg/L initial concentration.   
While the capacity of each carbon was lower in GRW, as expected, the reduction in KF values varied 
from 15% (WV B-30) to 69% (F400). Figures 6.4 – 6.7 compare the isotherms in GRW with those 
previously determined for virgin carbon removal of anatoxin-a in ultrapure water, demonstrating the 
observed reduction in equilibrium capacity.  
 
Table 6.2: Freundlich isotherm parameters for virgin carbon in Grand River water 
Carbon  Kf (µg/mg) (µg/L)
-1/n 1/n R2 






































(95% confidence interval) 








Figure 6.4: Anatoxin-a Freundlich isotherms for virgin F400 and F300 (coal-based) GAC in 
ultrapure water (UW) vs. Grand River water (GRW)  
 
Figure 6.5: Anatoxin-a Freundlich isotherms for virgin Aqua Carb (coconut-based) GAC in 






























Equilibrium Aqueous Concentration (µg/L) 
F400 virgin carbon, GRW
F400 virgin carbon, UW
F300 virgin carbon, GRW






























Equilibrium Concentration (µg/L) 
Aqua Carb virgin carbon, GRW





Figure 6.6: Anatoxin-a Freundlich isotherms for virgin C-Gran and WV B-30 (wood-based) GAC 
in ultrapure water (UW) vs. Grand River water (GRW) 
 
Figure 6.7: Anatoxin-a Freundlich isotherms for virgin (coal-based) PAC in ultrapure water (UW) 
vs. Grand River water (GRW)  
While the GAC isotherms in natural water all had 1/n values comparable to or lower than those 
determined in ultrapure water, the PAC isotherm shown in Figure 6.7 had a greater 1/n value. 
Extrapolating the isotherm beyond the concentration range it was determined in implies that the capacity 
of the PAC could be greater in natural water than in ultrapure water at aqueous concentrations above 11 
µg/L. While no explanation is evident from the experimental conditions, the reliability of this unexpected 
result should be viewed with caution.  
The collective GRW isotherms for adsorption of anatoxin-a are shown in Figure 6.8; the GAC isotherms 































Equilibrium Concentration (µg/L) 
C Gran virgin carbon, GRW
C Gran virgin carbon, UW
WV B-30 virgin carbon, GRW






























Equilibrium Concentration (µg/L) 
PAC virgin carbon, GRW




concentrations (Table 6.3) demonstrates the resemblance of the GACs. At concentrations above 20 µg/L, 
the differences become more evident; however, in the range of typical environmental concentrations, the 
GAC isotherms are similar. Their Freundlich parameter values are also alike, as shown in Figures 6.8 and 
6.9; however, the two parameters, KF and 1/n, are highly linked, as is discussed in Section 6.4.4.2. The 
capacity reduction in GRW is more pronounced for the coal-based GACs, based on their greater capacity 
in ultrapure water. Interestingly, the natural water used in this study appears to have an equalizing effect 
on the GACs – the differences in carbon performance appear far more pronounced in the ultrapure water 
isotherms.  
 































Equilibrium Aqueous Concentration (µg/L) 
F400 (coal) F300 (coal) Aqua Carb (coconut)





Table 6.3: Comparison of anatoxin-a adsorption capacities for the virgin carbons evaluated at 
different aqueous concentrations in natural water 
Carbon C = 1 µg/L C = 5 µg/L C = 20 µg/L 
F400 natural water 0.7 (-69%) 0.8 (-85%) 0.9 (-91%) 
F300 natural water 0.7 (-63%) 0.7 (-80%) 0.8 (-88%) 
Aqua Carb natural 
water 
0.6 (-45%) 0.9 (-52%) 1.2 (-56%) 
C-Gran natural water 0.7 (-28%) 0.9 (-59%) 1.1 (-75%) 
WV B-30 natural water 0.8 (-15%) 1.0 (-59%) 1.2 (-78%) 
PAC natural water 2.1 (-65%) 4.3 (-38%) 7.8 (3%) 
Adsorptive capacity, qe unit =  µg(anatoxin-a)/mg(carbon)  
(% change from ultrapure water capacity) 
 
 
Figure 6.9: Freundlich adsorption coefficient (KF) non-linear fit with 95% confidence intervals, in 























Figure 6.10: Freundlich model parameter (1/n) non-linear fit with 95% confidence intervals, in 
Grand River water 
6.4.4.2 Freundlich Parameter Joint Confidence Regions 
Joint confidence regions (JCRs) for the two parameters of the Freundlich isotherm, KF and 1/n, were 
determined at a 95% confidence level and are plotted in Figure 6.11. The diagonal orientation of the 
ellipsoid regions indicates that the parameters are highly correlated, and unlike the 95% confidence 
intervals for the individual parameters, the JCRs clearly show that the joint parameter regions of the coal-
based F400 and F300 do not overlap with those of the wood- and coconut-based GACs. While the 
coconut-based Aqua Carb and wood-based C Gran and WV B-30 are not differentiable at this confidence 
level, the PAC shows a large degree of separation from the JCRs of the GACs. In practice, this means that 
comparisons of adsorption behaviour based on these isotherms can be expected to represent true 














Figure 6.11: 95% joint confidence regions and point estimates for the Freundlich parameters of 

























F400 isotherm joint confidence region F400 point estimate
F300 isotherm joint confidence region F300 point estimate
Aqua Carb isotherm joint confidence region Aqua Carb point estimate
C Gran isotherm joint confidence region C Gran point estimate
WV B-30 isotherm joint confidence region WV B-30 point estimate





























6.4.4.3 Comparison with Literature Values 
The Freundlich isotherms for removal of anatoxin-a from natural water were compared with literature 
values for other cyanobacterial metabolites – the cyanotoxins microcystin-LR (MC-LR), microcystin-LA 
(MC-LA) and cylindrospermopsin (CYN), and the cyanobacterial taste and odour compound 2-
methylisoborneaol (MIB). The DOC content of the natural waters used in other studies was provided as 
an indicator of water quality – while it is known that only part of the DOC in natural water competes for 
adsorption sites, only information on DOC is readily available. The comparison was broken down by 
activated carbon source material, with coal-based carbon isotherms shown in Figure 6.12, coconut-based 
carbon isotherms in Figure 6.13 and wood-based carbon isotherms in Figure 6.14. Where available, the 
trade names of the carbons used in developing the isotherms are indicated. It should be noted that several 
limitations exist in comparing these isotherms; without further information on the specific characteristics 
of carbons used, the NOM composition and the nature of the competing fractions, it is difficult to 
conclusively evaluate carbon performance.  
Based on the coal-carbon isotherms (Figure 6.12), capacity for anatoxin-a was somewhat lower than for 
MC-LR (Sorlini & Collivignarelli, 2011) and somewhat greater than for CYN (Ho & Slyman, 2008), 
although it must be noted that the MC-LR isotherm was produced in water with lower DOC content than 
that used in this investigation, while the natural water used in the CYN isotherm had a very high DOC 
(10.2 mg/L). Furthermore, the MC-LR and CYN isotherms were determined at different concentration 





Figure 6.12: Comparison of Freundlich isotherms for anatoxin-a and the cyanotoxins microcystin-
LR (MC-LR) and cylindrospermopsin (CYN) by virgin coal-based carbons in natural water. 
Anatoxin-a isotherms are based on data from the current study produced in Grand River water. 
The MC-LR isotherm with Poractive M21 GAC and CYN isotherm with coal-based PAC were 
drawn based on Freundlich parameters obtained from the literature (Sorlini & Collivignarelli, 
2011; Ho & Slyman, 2008 respectively).  
 
The anatoxin-a and MC-LR isotherms produced using coconut-based carbons by Sorlini & Collivignarelli 
(2011), shown in Figure 6.13, appear very similar, although again the MC-LR isotherm was determined in 
natural water with lower DOC content. The MIB isotherm (Ho & Newcombe, 2010) indicates a greater 
dependence on the aqueous adsorbate concentration, with greater capacity for anatoxin-a than MIB at 
lower concentrations (below approximately 4 µg/L), and the reverse at higher concentrations. It should be 
noted that the MIB isotherm was determined in a lower concentration range (10 – 100 ng/L) while the 
MC-LR isotherm was determined in a higher concentration range (0.1 – 30 mg/L) and both were 














Aqueous Adsorbate Concentration (µg/L) 
CYN coal PAC (10.2 mg/L DOC)
MC-LR Poractiv M21 - coal (2.7-3.4 mg/L DOC)
ANTX F400 - coal (5.4 mg/L DOC)
ANTX F300 - coal (5.4 mg/L DOC)





Figure 6.13: Comparison of Freundlich isotherms for anatoxin-a and the cyanotoxin microcystin-
LR (MC-LR) and taste and odour compound MIB by virgin coconut-based carbons in natural 
water. Anatoxin-a isotherms are based on data from the current study produced in Grand River 
water. The MC-LR isotherm with Poractiv C25 GAC and MIB isotherm with PICA P1100 GAC 
were drawn based on Freundlich parameters in natural water obtained from the literature (Sorlini 
& Collivignarelli, 2011; Ho & Newcombe, 2010 respectively). 
 
Wood-based carbon isotherms (Figure 6.14) show a similar trend to coal-based carbons, with greater 
capacity for MC-LR than anatoxin-a, in this case with similar DOC content in the natural waters used (Ho 
& Newcombe, 2007).  MC-LA, the more recalcitrant microcystin variant, is less well adsorbed than 
anatoxin-a at most environmentally relevant concentrations, based on data from Ho & Newcombe (2007). 
For the cases presented, anatoxin-a was better adsorbed than CYN (Ho & Slyman, 2008), although the 
natural water used to establish the CYN isotherm had extremely high DOC content – therefore,  this may 
not be the case when isotherms obtained under similar conditions are compared. Isotherms for MIB 
removal from natural water were determined by Ho & Newcombe (2010) in the 3 – 100 ng/L 














Aqueous Adsorbate Concentration (µg/L) 
MIB P1110 - coconut (4.1 mg/L DOC)
MC-LR Poractiv C25 - coconut (2.7-3.4 mg/L DOC)




and again imply greater capacity for anatoxin-a than MIB at concentrations below 6 µg/L, with the 
reverse holding at higher concentrations.  
 
Figure 6.14: Comparison of Freundlich isotherms for anatoxin-a, the cyanotoxins microcystin-LR 
(MC-LR), microcystin-LA (MC-LA), cylindrospermopsin (CYN), and the taste and odour 
compound MIB by virgin wood-based carbons in natural water. Anatoxin-a isotherms are based on 
data from the current study produced in Grand River water. The MC-LR and MC-LA isotherms 
with PICA Picazine GAC, the CYN isotherm with wood-based PAC and the MIB isotherms with 
PICA Picazine GAC were drawn based on Freundlich parameters obtained from the literature (Ho 
& Newcombe, 2007; Ho & Slyman, 2008; Ho & Newcombe, 2010, respectively). 
6.4.5 Equilibrium Column Model  
The upper-bound of potential treatment volume for each carbon was determined using the Equilibrium 
Column Model (ECM) detailed in Section 4.4.4. The model was applied in its single-solute form, using 
the Freundlich parameters determined in natural water to account for NOM competition, although no 
preloading was considered in this scenario. The results of the ECM for a 1000 kg GAC filter with 2 µg/L 














Aqueous Adsorbate Concentration (µg/L) 
MIB Picazine - wood (4.1 mg/L DOC) MIB Picazine - wood (5.7 mg/L DOC)
CYN wood PAC (10.2 mg/L DOC) MC-LR Picazine - wood (4.9 mg/L DOC)
MC-LA Picazine - wood (4.9 mg/L DOC) ANTX C-Gran - wood (5.4 mg/L DOC)




wood-based carbons have the potential for a slightly higher total volume treated than the coal- or coconut-
based carbons. Figure 6.15 illustrates the loss in capacity as a reduction in potential treatment volume 
when operating in natural rather than ultrapure water. In all cases, the natural water isotherms resulted in 
lower treatment volumes than the preloading study, and it can be anticipated that the combination of 
preloading with natural water NOM competition would result in still lower capacities. It should also be 
noted once more that the ECM results must be considered as over-estimations of the true treatment 
volumes to breakthrough, due to the simplifications regarding kinetic characteristics, NOM competition 
and preloading effects. 
 
Figure 6.15: ECM predicted total treated volume to breakthrough, for 1000 kg of GAC in a single-
solute system with an influent anatoxin-a concentration of 2 µg/L.  UW – ultrapure water, GRW – 
Grand River water 
6.5 Conclusions 
The adsorption of anatoxin-a from Grand River water by six activated carbons was investigated using the 
bottle point technique. Based on a comparison of the removal kinetics, the PAC was the fastest adsorbing 





































concentration range investigated. However, the differences in application of PAC are such that the full 
capacity of the PAC may not be utilized, unlike GAC in a flow-through adsorber. Furthermore, the 
potential for intact cyanobacterial cells to shield toxin from PAC adsorption remains a limitation in the 
use of PAC for treatment of this toxin. In contrast, GAC is typically located later in a treatment train, and 
is therefore less likely to encounter cyanobacterial cells which have not yet been lysed, thereby releasing 
internally contained toxins.    
Of the GACs investigated, the coconut- and wood-based carbons had more favourable kinetics than the 
coal-based carbons when discounting the impact of particle size. All of the carbons had very similar toxin 
removal at equilibrium, although the isotherms of the coal-based GACs could be distinguished from those 
of the coconut- and coal based GACs based on the 95% joint confidence regions of the two Freundlich 
parameters. Compared to other cyanobacterial metabolites in natural water, wood- and coal-based carbons 
appear to have lower capacity for anatoxin-a than for MC-LR, while the capacities appear comparable 
(and may even be greater for anatoxin-a) in coconut-based carbons; however, it is important to note the 
limitations of these comparisons, as isotherms were produced under differing conditions, and changes in 
background NOM composition, specific carbon properties and adsorbate concentration range can all 
influence adsorptive capacity. Based on extrapolated Freundlich isotherms, at concentrations below 4 
µg/L anatoxin-a is better adsorbed by coconut- and wood-based carbons than MIB.  
Considerable toxin losses were observed in the natural water positive controls over the course of the 21-
day experiment, and are likely attributable to the higher pH (8.0) of the natural water. Future studies could 
consider adjusting the pH of the water prior to toxin addition, to minimize degradation of anatoxin-a in its 
deprotonated, neutral form. Under real world conditions, anatoxin would not appreciably chemically 
degrade in the less than 30 minutes contact time or so in a GAC contactor. As such, a pH adjustment 





Chapter 7                                                                                    
Conclusions and Recommendations 
Following a thorough review of drinking water treatment options for the cyanobacterial neurotoxin, 
anatoxin-a published in the Journal of Water and Health (Vlad et al. 2014), activated carbon adsorption 
was selected as a promising treatment alternative, which required further investigation. This study 
examined the adsorptive behaviour of anatoxin-a with six diverse carbons, selected to represent a range of 
source materials, porosity and grain size: Calgon F400, Calgon F300, Siemens Aqua Carb, Norit C Gran, 
and MWV WV B-30 granular activated carbons (GACs) and Standard Purification’s Watercarb-800 
powdered activated carbon (PAC). Initial work compared the available anatoxin-a Receptor Binding 
Assay (RBA) and LC-MS/MS analytical methods, and led to the establishment of an adaptedliquid 
chromatography tandem mass spectrometry (LC-MS/MS) method with the reproducibility, specificity, 
and sensitivity necessary for this treatment investigation. The GACs were assessed based on the rate at 
which the anatoxin-a was adsorbed (kinetics) and the amount adsorbed at equilibrium (capacity). Both 
parameters are important in real world applications, one in terms of the ability of the GAC to quickly 
reduce the anatoxin-a concentration in the event of a substantial contamination event and the other from 
the point of view of how long the GAC can be depended upon (capacity, as it relates to replacement cost). 
Isotherm parameters and kinetic data were established under a range of conditions, first using single-
solute batch experiments with virgin carbon in ultrapure water, to provide a baseline of adsorption 
performance and with which to compare to other cyanotoxins and cyanobacterial metabolites. 
Subsequently, the effects of NOM preloading were studied using GAC preloaded in a pilot setup with 
post-sedimentation river water in a full-scale drinking water treatment plant in Southern Ontario, and a 
GAC collected from an operating full-scale GAC adsorber at another plant in Ontario. As with the virgin 
GAC experiments these were conducted in ultrapure water. Finally, the impact of NOM competition was 
investigated via batch experiments with virgin carbon, using Grand River water (GRW) as the medium. 




7.1 Summary of Conclusions 
7.1.1 Anatoxin-a Analytical Methods (Chapter 3) 
 Anatoxin-a naturally occurs as the (+)-anatoxin-a stereoisomer; however, most standards are 
chemically produced as a racemic (50%/50%) mixture of both the (+)- and (-)-anatoxin-a 
stereoisomers. Therefore, selection of a suitable analytical method must consider the 
requirements of stereoisomer detection.  
 At the present stage of development, the anatoxin-a RBA was not suitable for spiking studies 
requiring precise and accurate quantification, due to the high variability and non-detection of the 
(-)-anatoxin-a stereoisomer present in most standards, but may be appropriate for environmental 
monitoring and presence/absence detection. 
 LC-MS/MS methods for anatoxin-a can be rapid, reproducible and sufficiently sensitive to 
measure environmentally relevant concentrations, but have greater operator training and 
instrumentation requirements.  
 An LC-MS/MS method for anatoxin-a was successfully adapted and implemented, with a method 
detection limit of 0.65 µg/L without a preconcentration step. This method was capable of 
detecting, though not separating, both anatoxin-a stereoisomers. 
7.1.2 Anatoxin-a Adsorption Behaviour (Chapters 4 – 6) 
 In ultrapure water, the virgin coal-based carbons F400 and F300 had the highest equilibrium 
capacity for anatoxin-a among the tested adsorbents. Preloading reduced the capacity of the coal-
based carbons more than that of the other GACs; the relatively low mesopore volume of the coal-
based GACs may have led to a proportionately greater pore blockage effect in preloading, as 
compared to the more mesoporous wood-based GACs. Nevertheless, given their substantially 
greater initial capacity, the coal-based carbons retained the highest total capacity following 




 In GRW, the virgin GAC isotherms were very similar to one another; as expected the PAC 
isotherm indicated higher capacity for anatoxin-a in the concentration range investigated 
compared to the GACs.  
 The coal-based PAC had the highest capacity and fastest kinetics of any of the carbons 
investigated in both ultrapure water and GRW; despite this, it is important to note that the 
experimental conditions used were the same for both the PAC and GAC. In practice, conditions 
in which PAC is employed differ from those of GAC application, and this has an impact on mass 
transfer and therefore kinetics. In addition, the full capacity of PAC may not be utilized at full-
scale because of the potentially short contact times employed. Furthermore, anatoxin-a contained 
within intact cyanobacterial cells may not be exposed to PAC applied early in the treatment train, 
yet may be released if the cells are subsequently lysed, effectively bypassing PAC treatment.  
 Of the GACs examined in this study, the wood-based C Gran and WV B-30 adsorbed anatoxin-a 
most rapidly in ultrapure water in both their virgin and preloaded states. The virgin wood-based 
carbons had negative or near-neutral surface charges in ultrapure water (pH 6.3) based on their 
pHPZC values, and were therefore at an advantage in the adsorption of the positively charged 
anatoxin-a. In GRW, their rate of adsorption was similar to that of the coconut-based Aqua Carb, 
though still faster than those of the coal-based carbons.  
 In all three scenarios examined (virgin carbon in ultrapure water, preloaded carbon in ultrapure 
water, and virgin carbon in GRW), the coal-based GACs (F400 and F300) required the longest 
time to reach equilibrium, an observation which may be related to their relatively low mesopore 
volume (0.13-0.14 cm
3
/g, compared to 0.72-0.89 cm
3
/g for the wood-based carbons) and in part 
their surface charge. 
 Preloading of GACs with post-sedimentation surface water resulted in reduced capacities for all 




values (4.6 – 10.1), the preloaded GACs all exhibited very similar surface charges (6.9 – 7.2), 
which impacted the kinetics and adsorptive capacities of the carbons for the cationic anatoxin-a 
by altering the electrostatic repulsion of positively charged surfaces.  
 Preloading increased the rate of anatoxin-a adsorption by the coal-based F400 and F300, 
compared to their virgin states in ultrapure water. This result may be attributed in part to the 
effects of changing surface charge; the virgin F400 and F300 had more strongly positive surface 
charges at the pH level of the ultrapure water than their NOM-preloaded counterparts. This trend 
was observed to a lesser degree for the other carbons.  
 Viewed collectively, the equilibrium results imply that coal-based carbons may be an appropriate 
selection when targeting anatoxin-a removal. While coal-based carbons had less-favourable 
kinetics than other carbons under the conditions investigated (indicating a longer mass transfer 
zone would develop in a GAC bed) this could be mitigated via appropriate contactor design 
(ensuring sufficient bed depth) and operation.  
 Based on preliminary comparisons with other surface water isotherm studies, anatoxin-a may be 
somewhat less well-removed than microcystin-LR, although it appears to be removed better than 
the adsorption-recalcitrant microcystin-LA. It is critical to note, however, that differing NOM 
background concentrations and compositions in the surface waters used to produce the 
cyanotoxin isotherms, as well as differences in carbon properties, can impact isotherm results. 
This conclusion is therefore somewhat tentative, given the differing conditions used in the various 
isotherm studies surveyed as part of this investigation.  
 Normalizing kinetic data by mean effective particle size allowed comparisons to be made while 
disregarding the effects of particle size – isolating the impact of other factors, such as carbon 




 Joint confidence regions (JCRs) can provide valuable information regarding correlated parameter 
estimates, allowing model fits to be distinguished from one another with greater validity than 
when using single-parameter confidence intervals.  
 Anatoxin-a stability was impacted by the pH of the water matrix tested – while positive controls 
in ultrapure water (pH 6) remained relatively stable, parallel positive controls in GRW (pH 8) 
deteriorated by more than 60% over the course of 21 days.  
7.2 Recommendations for Future Research 
Several issues which may merit further investigation were noted over the course of this research, and 
future studies may wish to consider the following:   
 Batch experiments were used to investigate the adsorption behaviour of anatoxin-a under varying 
conditions. The trends and effects observed in this study should be validated using column flow-
through experiments at pilot scale to confirm adsorption performance, optimize operational 
parameters and determine scale-up factors as necessary.  However, at present the cost of 
anatoxin-a may be prohibitive in terms of the concentrations required to conduct pilot-scale 
research. 
 While this research included virgin and preloaded carbon, and ultrapure and natural water, there 
was not sufficient time to explore the adsorption of anatoxin-a by preloaded carbons in natural 
water. This combination should be investigated for various water matrices. 
 Experiments using surface water in this study were conducted using a relatively high-pH water, 
and experienced significant toxin loss. Future studies should consider adjusting the pH of natural 
waters to a pH comparable to that of the ultrapure water (6 – 7) prior to the addition of toxin 
standards.   
 Comparisons with adsorption of other cyanobacterial metabolites were drawn based on literature 




render conclusive statements regarding relative adsorbability untenable. Multi-solute adsorption 
experiments containing both anatoxin-a and other cyanotoxins (such as microcystin-LR), and/or 
single-solute experiments conducted in parallel under identical conditions could provide more 
definitive evidence of the relative treatability of each compound using activated carbon.  
 The adsorptive behaviour of the anatoxin-a analogue, homoanatoxin-a, has not yet been 
considered; while anatoxin-a is the more prevalent of the two, homoanatoxin-a is also a globally-
detected neurotoxin.  
 Biodegradation of anatoxin-a using biofiltration may be a viable treatment option, although 
limited information is available in the peer-reviewed literature. An understanding of biofiltration 
potential for treating anatoxin-a may help to provide a more complete picture of the value of 
biologically active filters.  
 A positive control, processed alongside samples, could be included in trials using SPE as per the 
Enhanced Sensitivity protocol of the anatoxin-a RBA method, to allow losses due to this 
extraction step to be quantified. 
 Finally, the LC-MS/MS protocol utilized in this study may be extended to include a solid-phase 
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Additional LC-MS/MS Method Validation Data 




Concentration - average of triplicate 
measurements (µg/L) 
1 5.0 4.618 
2 5.0 4.642 
3 5.0 4.354 
4 5.0 4.388 
5 5.0 4.618 
6 5.0 4.484 
7 5.0 4.058 
Cumulative average 4.451 
Standard deviation 0.209 
Relative standard deviation 4.68% 
 












Concentration - average of triplicate 
measurements (µg/L) 
1 10.0 10.05 
2 10.0 9.79 
3 10.0 9.66 
4 10.0 9.77 
5 10.0 9.85 
6 10.0 9.83 
7 10.0 9.94 
Cumulative average 9.84 
Standard deviation 0.125 




Appendix B                                                                                   
Linearly Determined Kinetic Parameters 
 
Table B-1: Linearly determined pseudo-first order kinetic model parameters for virgin carbon 
in ultrapure water  
Carbon qe experimental ln qe qe calculated k1 R
2 
F400 1.99 0.64 1.90 0.04 0.9978 
F300 1.99 0.72 2.05 0.06 0.9734 
Aqua Carb 1.91 0.80 2.22 0.11 0.8778 
C-Gran 1.96 -0.09 0.92 0.12 0.8928 
WV B-30 1.99 -0.19 0.82 0.15 0.8698 
PAC 2.00 -2.89 0.06 0.24 0.5698 
 
Table B-22: Linearly determined pseudo-second order kinetic model parameters for virgin 
carbon in ultrapure water  
Carbon qe (µg/mg) qe experimental k2 (mg/µg/day) ϑ  (µg/mg/day) R
2 
F400 2.11 1.99 0.066 0.29 0.9836 
F300 2.08 1.99 0.046 0.20 0.9638 
Aqua Carb 2.15 1.91 0.072 0.33 0.9914 
C-Gran 1.99 1.96 0.695 2.76 0.9997 
WV B-30 2.02 1.99 0.529 2.17 0.9996 






Table B-3: Linearly determined pseudo-second order kinetic model parameters for preloaded 
carbon in ultrapure water 
Carbon qe (µg/mg) qe experimental k2 (mg/µg/day) ϑ  (µg/mg/day) R
2 
F400 2.20 1.96 0.115 0.56 0.9967 
F300 2.27 1.93 0.064 0.33 0.9983 
Aqua Carb 1.99 1.78 0.081 0.32 0.9787 
C-Gran 2.02 1.89 0.486 1.99 0.9983 
WV B-30 2.02 1.79 0.307 1.26 0.9937 
F300 - 
utility 






Appendix C                                                                                     
Confidence Intervals and Joint Confidence Regions for Freundlich 
Isotherms  
Additional Confidence Interval Data 
Table C-1: Confidence intervals for the Freundlich coefficient (KF) for isotherms determined 
using virgin carbon in ultrapure water 
 90% confidence  80% confidence 70% confidence 60% confidence 
















F400 3.13 1.26 2.88 1.51 2.73 1.66 2.62 1.77 
F300 2.94 0.62 2.64 0.92 2.46 1.10 2.33 1.23 
Aqua Carb 1.65 0.65 1.52 0.78 1.44 0.86 1.38 0.92 
C Gran 1.45 0.62 1.34 0.57 1.27 0.80 1.22 0.85 
WV B-30 1.04 0.75 1.00 0.79 0.97 0.81 0.96 0.83 
PAC 7.11 5.23 6.82 5.52 6.67 5.67 6.56 5.78 
 
Table C-2: Confidence intervals for the Freundlich coefficient (KF) for isotherms determined 
using preloaded carbon in ultrapure water 
 90% confidence  80% confidence 
 KF upper bound KF lower bound KF upper bound KF lower bound 
F400 1.86 0.61 1.70 0.77 
F300 1.51 0.85 1.42 0.93 
F300 – utility preloaded 1.63 0.00 1.28 0.78 
Aqua Carb 1.37 0.69 0.64 0.52 
C Gran 0.67 0.50 0.71 0.40 





Table C-3: Confidence intervals for the Freundlich power parameter (1/n) for isotherms 
determined using preloaded carbon in ultrapure water 
 90% confidence  80% confidence 
 1/n upper bound 1/n lower bound 1/n upper bound 1/n lower bound 
F400 0.45 0.13 0.41 0.20 
F300 0.34 0.19 0.32 0.21 
F300 – utility preloaded 0.61 0.00 0.31 0.17 
Aqua Carb 0.33 0.15 0.62 0.56 
C Gran 0.63 0.55 0.69 0.53 
WV B-30 0.72 0.50 0.44 0.12 
 
Table C-4: Confidence intervals for the Freundlich coefficient (KF) for isotherms determined 
using virgin carbon in Grand River surface water 
 90% confidence  80% confidence 70% confidence 60% confidence 
















F400 0.76 0.58 0.74 0.61 0.72 0.62 0.71 0.63 
F300 0.72 0.61 0.70 0.63 0.69 0.64 0.69 0.64 
Aqua Carb 0.78 0.49 0.74 0.53 0.71 0.55 0.70 0.57 
C Gran 0.83 0.67 0.81 0.69 0.79 0.70 0.78 0.71 
WV B-30 0.90 0.61 0.86 0.65 0.83 0.68 0.82 0.69 







Table C-5: Confidence intervals for the Freundlich power parameter (1/n) for isotherms 
determined using virgin carbon in Grand River surface water 

























F400 0.14 0.03 0.12 0.04 0.11 0.05 0.11 0.06 
F300 0.09 0.02 0.08 0.03 0.07 0.03 0.07 0.04 
Aqua Carb 0.30 0.11 0.27 0.13 0.26 0.15 0.24 0.16 
C Gran 0.17 0.08 0.16 0.09 0.15 0.10 0.15 0.11 
WV B-30 0.23 0.07 0.21 0.09 0.19 0.10 0.18 0.11 
PAC 0.60 0.26 0.56 0.31 0.53 0.34 0.51 0.36 
 
Joint Confidence Regions 
Joint confidence regions for the two parameters in the Freundlich equation were calculated using a 
non-linear method, as per the following equations: 
S(θ) =  ∑[yi −  f(xi, θ)]
2 …………………………………………………………………………(C-1) 
S(θ) = S(θ̂) ∗ [1 +  
p
n−p
∗ fp,n−p,0.05] …………………………………………………………….(C-2) 
Where yi is the matrix of qe values in µg anatoxin-a/mg carbon, xi is the matrix of equilibrium 
concentrations in µg/L, θ is the matrix of parameters (in this case, KF and 1/n, the parameters of the 
Freundlich equation), θ̂ is a matrix of parameter value estimates based on the non-linear regression, p 
is the number of parameters (in this case, 2), n is the number of data points used to estimate the 
isotherm parameters, and fp,n-p,0.05 is the f-statistic value. Combining equations C-1 and C-2 with the 




=  (∑[𝑦𝑖 − 𝑓(𝑥𝑖, θ)̂]
2
) ∗ (1 +  
p
n−p
∗ fp,n−p,0.05)  ………………………….(C-3) 
Solving equations C-3 for each isotherm yields a quadratic equation for 1/n in terms of KF (or vice-
versa), which defines the joint confidence region at a 95% confidence level.  
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Appendix D                                                                                                                                         
Kinetic Data 
Table D-1: Anatoxin-a kinetic data determined with virgin carbon in ultrapure water 
 Time (hours) 
ANTX peak area 0.1 1 2 4 6 9 12 
MilliQ control 1 (100 µg/L)  3910994 4171577 4088679 4254091 4480246 4877650 5110906 
MilliQ control 2 (100 µg/L)  3893583 4092176 4106000 4247779  ND ND 4985518 
MilliQ control 3 (20 µg/L) 855056 915209 918864 977708  ND ND  1151880 
F400  3932727 3915864 3957866 3967911 4086254 4490062 4426044 
F300  3959922 4033336 4004679 4037501 4214678 4549901 4534023 
C Gran  3937486 3807844 3844035 3721606 3742344 3755657 3528510 
WV B-30  3933409 3823472 3851567 3754060 3797562 3910510 3799735 
PAC 1510971 249507 99358 139257 152710 113210 53858 








Table D-1 continued: Anatoxin-a kinetic data determined with virgin carbon in ultrapure water 
 Time (d)   
ANTX peak area 1 2 3 5 7 12 14 16 18 20 26 29 
MilliQ control 1  
(100 µg/L)  
4671648 3800540 3950640 4056808 4332461 4114079 4392420 4132688 5906393 5853894 4221086 4279636 
MilliQ control 2  
(100 µg/L)  
 ND 3811239 4205525 3952513 4284917 3995568 4359032 4028083 5971256 5800905 4281699 4099652 
MilliQ control 3  
(20 µg/L) 
 ND 875677 908921 902056 942644 887995 991593 943815 1435645 1366513 948180 948115 
F400  3878566 3095732 3048860 2676131 2573242 1880964 1894594 1647540 2287612 1983135 992544 858076 
F300  4063506 3298659 3265031 2992309 2917067 2291932 2325008 2121312 2890380 2640220 1449601 1334168 
C Gran  2361759 1182376 758777 358484 244882 154653 152763 141194 199473 186701 122645 117814 
WV B-30  2493589 1280630 910939 463856 359283 190478 177166 164914 206262 180256 81243 71961 
PAC 34112 19701 14716 53966 8960 47115 4851 1086 ND ND ND ND 
ND – not determined 
Table D-1 continued: Anatoxin-a kinetic data determined with virgin carbon in ultrapure water 
 Time (d)   
ANTX peak area 33 37 41 44 50 58 64 69 75 83 89 
MilliQ control 1 (100 µg/L)  4185968 3589846 3736842 3871428 3916135 3737635 3791949 4091678 4155130 4615500 4985944 
MilliQ control 2 (100 µg/L)  4050936 3700668 3720264 3755794 3661477 3643275 3840821 3849411 4033530 4358258 4745600 
MilliQ control 3 (20 µg/L) 911310 795753 833860 831067 841610 796918 804568 868849 907564 1001905 1032805 
F400  668561 465282 413428 360803 261622 159218 111401 98992 65580 49524 30016 
F300  1125927 900218 781220 696209 550866 396010 314824 280503 214470 179928 144832 
C Gran  100481 68982 84353 80360 71845 66474 73299 ND ND ND ND 
WV B-30  55023 44380 39834 36460 34010 17819 13676 ND ND ND ND 
PAC ND ND ND ND ND ND ND ND ND ND ND 










0.004 0.25 0.5 1 4 7 10 13 16 19 22 26 28 33 36 40 43 
MilliQ control 1 
(100 µg/L) 
102.2 102.4 100.1 99.6 105.3 101.9 101.5 91.8 95.0 96.1 95.5 97.9 98.7 97.7 99.4 98.4 97.6 
MilliQ control 2 
(100 µg/L)  
100.8 101.5 99.1 99.1 91.3 101.7 101.4 91.4 95.0 95.0 94.8 97.2 97.8 98.4 98.6 98.0 97.4 
MilliQ control 3 
(100 µg/L)  
21.9 22.5 21.7 21.3 22.0 21.2 20.5 18.1 21.7 20.9 19.8 20.6 20.4 20.3 20.6 20.1 19.9 
Aqua Carb 101.2 93.8 88.1 82.5 65.5 50.2 38.9 28.7 26.9 24.7 17.9 14.3 13.2 9.8 8.0 5.2 4.6 
 
Table D-3: Anatoxin-a kinetic data determined with preloaded carbon in ultrapure water 
 Time (hours) 
ANTX concentration (µg/L)  0.1 6 12 
MilliQ control 1 (100 µg/L) 102.2 102.4 100.1 
MilliQ control 2 (100 µg/L) 100.8 101.5 99.1 
MilliQ control 3 (20 µg/L) 21.9 22.5 21.7 
F400  101.3 95.6 89.0 
F300  100.9 96.8 92.4 
Aqua Carb  101.5 91.1 80.8 
C Gran  102.3 64.2 48.0 
WV B-30  100.7 66.6 53.6 
F300 – utility preloaded  100.4 95.0 92.9 




Table D-3 continued: Anatoxin-a kinetic data determined with preloaded carbon in ultrapure water 
 Time (d) 
ANTX concentration (µg/L)  1 4 7 10 13 16 19 22 26 28 33 36 40 43 
MilliQ control 1 (100 µg/L) 99.6 105.3 101.9 101.5 91.8 95.0 96.1 95.5 97.9 98.7 97.7 99.4 98.4 97.6 
MilliQ control 2 (100 µg/L) 99.1 91.3 101.7 101.4 91.4 95.0 95.0 94.8 97.2 97.8 98.4 98.6 98.0 97.4 
MilliQ control 3 (20 µg/L) 21.3 22.0 21.2 20.5 18.1 21.7 20.9 19.8 20.6 20.4 20.3 20.6 20.1 19.9 
F400  78.8 45.2 27.6 16.2 10.5 6.5 5.4 4.6 3.0 2.6 2.1 2.0 1.9 ND 
F300  84.4 59.3 43.0 31.1 22.2 18.7 16.3 12.6 9.4 8.9 6.0 4.7 3.4 3.2 
Aqua Carb  77.6 62.8 56.4 46.4 35.0 35.0 33.0 25.4 19.6 19.5 15.2 13.4 11.3 10.9 
C Gran  36.4 16.4 12.4 9.4 7.9 8.0 7.1 6.0 5.7 5.6 ND ND ND ND 
WV B-30  44.6 23.5 17.3 14.8 12.2 12.0 11.6 11.1 10.9 10.2 ND ND ND ND 
F300 – utility preloaded  88.4 76.9 64.7 53.2 40.6 40.9 39.3 30.6 26.3 25.2 23.5 22.0 20.1 19.3 






Table D-4: Anatoxin-a kinetic data determined with virgin carbon in Grand River surface water 
 Time (d) 
ANTX concentration (µg/L)  0.004 0.5 1 3 6 9 12 18 21 
Surface Water control 1 (100 µg/L) 100.6 98.5 96.2 83.9 84.3 56.7 47.2 34.7 32.8 
Surface Water control 2 (100 µg/L) 97.9 96.2 95.9 87.0 85.1 64.4 53.6 40.1 40.6 
Surface Water control 3 (20 µg/L) 20.7 20.0 20.5 16.9 15.2 11.2 9.3 6.8 6.7 
MilliQ control 4 (100 µg/L) 101.9 96.8 100.6 100.1 97.2 94.9 94.1 98.0 98.8 
MilliQ control 5 (100 µg/L) 97.2 95.5 99.9 101.5 98.0 95.2 96.6 97.4 98.2 
MilliQ control 6 (20 µg/L) 20.3 20.1 20.3 21.0 18.6 19.3 19.5 20.2 20.5 
F400  99.8 64.1 58.4 32.3 15.7 8.7 3.8 1.1 1.2 
F300  99.5 76.4 70.8 41.0 27.1 17.3 8.9 2.9 2.8 
Aqua Carb  100.3 68.4 60.2 21.3 10.0 2.9 0.9 0.2 0.2 
C Gran  100.4 68.9 61.4 28.6 17.7 7.8 3.9 0.8 1.0 
WV B-30  101.1 72.7 67.4 29.6 18.1 7.1 2.7 0.3 0.5 
PAC  100.2 18.0 4.1 2.4 1.2 ND ND ND ND 





Appendix E                                                                             
Equilibrium Data 
Virgin Carbon, Ultrapure Water 
Table E.1: Equilibrium data for virgin F400 in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
F400-1 5.0 33.0 13.4 
F400-2 9.9 11.5 8.9 
F400-3 15.7 10.9 5.7 
F400-4 21.8 3.1 4.4 
F400-5 28.5 0.5 3.5 
F400-6 32.8 0.8 3.0 
F400-7 37.9 2.3 2.6 
F400-8 44.2 0.4 2.3 
F400-9 51.2 0.8 2.0 
 
Table E.2: Equilibrium data for virgin F300 in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
F300-1 6.6 28.0 10.9 
F300-2 10.3 28.3 7.0 
F300-3 16.5 19.2 4.9 
F300-4 21.2 6.7 4.4 
F300-5 28.6 2.6 3.4 
F300-6 31.8 10.5 2.8 
F300-7 39.2 0.9 2.5 
F300-8 43.2 1.2 2.3 





Table E.3: Equilibrium data for virgin Aqua Carb in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
AquaCarb-1 8.2 65.7 4.2 
AquaCarb-2 13.4 55.0 3.4 
AquaCarb-3 21 31.9 3.2 
AquaCarb-4 24.6 35.2 2.6 
AquaCarb-5 31.6 21.0 2.5 
AquaCarb-6 37.2 17.7 2.2 
AquaCarb-7 43.7 5.1 2.2 
AquaCarb-8 49.8 4.6 1.9 
 
Table E.4: Equilibrium data for virgin C Gran in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
C Gran-1 7.4 46.5 7.2 
C Gran-2 12.7 36.5 5.0 
C Gran-3 21 15.9 4.0 
C Gran-4 30 7.7 3.1 
C Gran-5 35.2 7.8 2.6 
C Gran-6 43.2 4.0 2.2 






Table E.5: Equilibrium data for virgin C Gran in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
WV B-30-1 9.2 33.4 7.2 
WV B-30-2 15.4 19.0 5.3 
WV B-30-3 22.6 10.7 3.9 
WV B-30-4 29.2 9.4 3.1 
WV B-30-5 35.6 6.2 2.6 
WV B-30-6 41.6 5.1 2.3 
WV B-30-7 51.2 3.1 1.9 
 
Table E.6: Equilibrium data for virgin C Gran in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
PAC-1 7.2 45.1 7.6 
PAC-2 9.7 23.7 7.9 
PAC-3 12 12.3 7.3 
PAC-4 13.1 4.9 7.3 






Preloaded Carbon, Ultrapure Water 
Table E.7: Equilibrium data for pilot-preloaded F400 in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
F400-1 4.1 82.4 4.3 
F400-2 10.7 45.6 5.1 
F400-3 16.2 34.7 4.0 
F400-4 22.3 28.7 3.2 
F400-5 30.5 19.5 2.6 
F400-6 35.9 9.0 2.5 
F400-7 43.2 8.7 2.1 
F400-8 49.9 2.8 1.9 
 
Table E.8: Equilibrium data for pilot-preloaded F300 in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
F300-1 4.8 82.1 3.7 
F300-2 10.6 61.1 3.7 
F300-3 16.3 42.6 3.5 
F300-4 19.4 37.1 3.2 
F300-5 29.9 25.1 2.5 
F300-6 36.5 15.3 2.3 
F300-7 44.1 10.7 2.0 






Table E.9: Equilibrium data for pilot-preloaded Aqua Carb in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
Aqua Carb -1 8.9 71.7 3.2 
Aqua Carb -2 15.8 60.7 2.5 
Aqua Carb -3 21.6 46.6 2.5 
Aqua Carb -4 26.1 37.8 2.4 
Aqua Carb -5 33.2 23.3 2.3 
Aqua Carb -6 37.8 18.3 2.2 
Aqua Carb -7 44.5 16.9 1.9 
Aqua Carb -8 50.2 9.2 1.8 
 
Table E.10: Equilibrium data for pilot-preloaded C Gran in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
C Gran-1 8.6 50.4 5.8 
C Gran-2 14.0 33.7 4.7 
C Gran-3 19.6 23.3 3.9 
C Gran-4 24.8 19.2 3.3 
C Gran-5 31.4 13.3 2.8 
C Gran-6 38.0 11.9 2.3 
C Gran-7 45.0 7.8 2.0 






Table E.11: Equilibrium data for pilot-preloaded WV B-30 in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
WV B-30-1 7.6 53.3 6.1 
WV B-30-2 12.4 36.7 5.1 
WV B-30-3 20.0 20.7 4.0 
WV B-30-4 25.8 14.6 3.3 
WV B-30-5 33.0 13.2 2.6 
WV B-30-6 37.8 11.7 2.3 
WV B-30-7 44.0 9.6 2.1 
WV B-30-8 50.0 10.7 1.8 
 
Table E.12: Equilibrium data for utility-preloaded F300 in ultrapure water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
F300 utility preloaded-1 9.4 77.1 2.4 
F300 utility preloaded-2 33.6 33.4 2.0 






Virgin Carbon, Grand River Water 
Table E.13: Equilibrium data for virgin F400 in Grand River water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
F400-1 8.6 43.3 - 
F400-2 12.4 38.0 - 
F400-3 18.4 20.6 0.9 
F400-4 23.2 16.0 0.9 
F400-5 29.2 12.9 0.8 
F400-6 36.4 8.8 0.8 
F400-7 44.2 5.1 0.7 
F400-8 49.2 1.2 0.7 
 
Table E.14: Equilibrium data for virgin F300 in Grand River water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
F300-1 8.0 40.4 - 
F300-2 11.6 39.9 - 
F300-3 18.8 35.5 - 
F300-4 24.0 18.0 0.8 
F300-5 30.6 13.6 0.8 
F300-6 37.2 9.1 0.7 
F300-7 41.8 5.3 0.8 






Table E.15: Equilibrium data for virgin Aqua Carb in Grand River water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
Aqua Carb-1 8.2 35.9 - 
Aqua Carb-2 11.4 22.3 1.3 
Aqua Carb-3 21 14.0 1.1 
Aqua Carb-4 25.8 11.1 1.0 
Aqua Carb-5 30.4 9.6 0.9 
Aqua Carb-6 37 4.8 0.9 
Aqua Carb-7 44.4 1.9 0.8 
Aqua Carb-8 49.8 0.2 0.7 
 
Table E.16: Equilibrium data for virgin C Gran in Grand River water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
C Gran-1 7.0 37.6 - 
C Gran-2 12.4 23.5 1.1 
C Gran-3 17.8 16.4 1.1 
C Gran-4 24.4 12.0 1.0 
C Gran-5 30.4 6.3 1.0 
C Gran-6 36.6 5.3 0.9 
C Gran-7 44.6 1.2 0.8 






Table E.17: Equilibrium data for virgin WV B-30 in Grand River water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
WV B-30-1 8.8 38.8 - 
WV B-30-2 12.2 22.1 1.2 
WV B-30-3 19.0 16.2 1.1 
WV B-30-4 25.0 9.5 1.1 
WV B-30-5 32.4 3.6 1.0 
WV B-30-6 36.8 3.5 0.9 
WV B-30-7 45.0 2.4 0.8 
WV B-30-8 50.4 0.5 0.7 
 
Table E.18: Equilibrium data for virgin PAC in Grand River water 
Sample  Carbon dose (mg/L) Equilibrium anatoxin-a 
concentration (µg/L) 
Equilibrium capacity, 
qe (µg/mg)  
PAC-1 8.8 9.5 5.8 
PAC-2 10.2 6.4 5.3 
PAC-3 13.4 4.4 4.2 
PAC-4 15.0 5.5 3.7 
PAC-5 18.0 3.3 3.2 
PAC-6 20.0 1.6 2.9 
PAC-7 22.2 1.5 2.7 






Appendix F                                                                                     
Details of Surface Area and Pore Volume Distribution Analysis 





















































































6. Standard Purification Aquacarb 800 PAC 
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